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PEEFACE  TO    THE   THIRD   EDITION. 

ThA  Second  Edition  of  this  Book  being  out  of  print, 
we  have,  at  the  request  of  the  Publishers,  revised  it  for 
republication. 

In  doing  so  it  will  be  seen  that  we  have  adhered 
closely  to  the  original  plan  of  the  work,  and  that  the 
principal  changes  are  additions  which  recent  practice  has 
enabled  us  to  make  in  further  illustration  of  the 
principles  which  were  so  clearly  and  ably  set  forth  even 
in  the  First  Edition  of  this  Book. 

We  regret  that  the  Author  was  himself  unable  to 
again  revise  the  work  from  which  we  personally  have 
derived  great  assistance  in  our  profession,  and  our  hope 
is  that  the  absence  of  the  master-hand  will  not  be  too 
apparent. 

We   have   to   thank   our   professional  brethren   and 

friends  for  the  information  they  so  kindly  placed  at  our 

disposal. 

D.  A.  S. 
C.  A.  S. 


84  George  Street,  Edinburgh, 
June  1886. 


PREFACE  TO  SECOND  EDITION. 

Some  of  the  information  contained  in  the  following 
Chapters  was  published  as  the  article  "  Inland  Navi- 
gation," in  the  eighth  edition  of  the  Encyclopcedia 
Britannica,  and  was  afterwards,  in  1858,  issued  by  the 
Publishers  as  a  separate  work,  which  has  for  some  time 
been  out  of  print. 

Messrs.  Black  have  asked  m§  to  prepare  another 
edition  ;  and  in  complying  with  their  request  it  has  been 
thought  right  not  only  to  notice  everything  that  could 
be  regarded  as  new  in  Canal  and  River  Engineering,  but 
also  to  alter  and  extend  the  original  matter,  instead  of 
retaining  the  condensed  style  of  the  first  issue,  which 
was  more  suitable  for  the  columns  of  an  encyclopaedia 
than  the  pages  of  an  independent  treatise. 

The  reader  will  find  irf  the  first  two  chapters  a  sketch 
of  the  early  history  of  Barge  Canals,  and  a  statement 
of  the  chief  features  of  their  construction,  followed  by  a 
notice  of  those  larger  works  used  by  sea-borne  vessels, 
which  are  divided  into  three  distinct  classes,  represented 
by  the  Caledonian,  the  Amsterdam,  and  the  Suez  Canals, 
of  which  I  have  given  a  description. 
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The  second  part  of  the  subject,  relating  to  Rivers  and 
Estuaries,  embraces  a  much  wider  field  of  inquiry,  and 
includes  some  of  the  most  difficult  problems  with  which 
the  Engineer  has  to  deal.  Before  entering  on  it,  I 
thought  it  desirable  to  explain  certain  operations  in 
Hydrology,  in  order  to  enable  the  student  of  Engineering 
to  follow  with  more  advantage  the  succeeding  chapters. 
These  explanations  refer  chiefly  to  the  method  of  making 
tidal  observations,  and  ascertaining  the  discharge  of 
streams. 

All  rivers  on  their  passage  to  the  sea  through  tidal 
channels  and  estuaries,  assume  certain  recognisable  and 
widely  different  physical  features,  the  characteristics  and 
boundaries  of  which  I  have  defined.  These  boundaries 
divide  rivers  into  what,  for  our  present  purpose,  may 
perhaps  conveniently  be  termed  engineering  compart- 
ments ;  and  I  have  explained  the  varied  works  which  are 
applicable  to  each  of  them,  and  shown  their  efifects  by 
describing  diflerent  navigations  where  they  have  been 
successfully  adopted. 

The  concluding  chapters  are  chiefly  devoted  to  the 
origin  of  "Bars,"  the  effect  of  "Backwater,"  and  the 
Reclamation  and  Conservation  of  Land. 

It  seems  to  me  that  such  branches  of  Engineering 
may  be  most  usefully  discussed  by  explaining  general 
principles, — describing  works  designed  to  produce  certain 
effects, — showing  their  application  in  practice,  and  record- 
ing results.     This  is  the   plan  I  have  endeavoured  to 
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follow,  and  accordingly  every  statement  of  principle  has 
been  illustrated  by  at  least  one  example  in  practice. 
Where  my  own  experience  failed  to  suggest  examples,  I 
had  no  difficulty  in  applying  to  my  professional  brethren  ; 
and  I  have  great  satisfaction  in  acknowledging  the  friendly 
interest  they  took  in  assisting  me  to  carry  out  the  object 
I  had  in  view. 

It  will  thus  be  found  that  the  following  pages  contain 
a  resume  of  a  pretty  wide  field  of  research,  which  I 
trust  may  prove  in  some  respects  useful,  if  not  to  the 
Engineer  in  his  practice,  at  least  to  the  pupil  in  the 
study  of  his  profession. 


Edinburgh,  ApiU  1872. 
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CHAPTER   I. 

BARGE   CANALS. 

Early  history  of  Barge  canals — Canals  can  still  successfully  compete  with  Kail- 
ways — Invention  of  locks — Languedoc  Canal —Foss  Dyke  and  Caer  Dyke 
Canals — Bridgewater  and  other  Canals — Difficulties  in  constructing  early 
canals — General  principles  of  canal  construction — Supply  of  water — Cross 
Section — Reaches  and  locks — Inclined  planes  and  perpendicular  lifts — 
Monkland  Canal  incline — Tehuantepec  Ship  Railway — Anderton  lifts — 
Waste  weirs — Stop-gates — Off-lets — Drainage  of  to wpaths  -Pitching — 
Puddling — Mode  of  conducting  traflBc — Wasting  of  the  banks — Steam-towing 
on  Gloucester  and  other  canals — Chaic-towing — Steam-towing  on  rivers. 

Navigable  canals   may  perhaps  be  most   conveniently  Early  historj-  of 

.      Barge  canals. 

treated  under  two  classes,  Barge  or  Boat  Canals,  now  m 
many  cases  almost  superseded  by  railways,  and  Ship 
Canals,  which,  judging  from  the  stupendous  works  of 
this  class  recently  executed,  and  now  in  contemplation, 
seem  as  yet  far  from  having  exhausted  the  important 
aids  they  are  destined  to  afford  to  navigation. 

Though  all  efforts  to  improve  barge  canals  can  never 
bring  them  to  compete  with  railways  in  the  quick  con- 
veyance of  passengers,  yet  it  is  siuprising  to  find  in  how 
many  places  they  still  command  an  enormous  traffic  in 
goods  and  minerals,  and  thus  act  as  a  valuable  relief  to 
overburdened  railways.  This  is  specially  the  case  in  the 
manufacturing  districts  of  England,  where  the  Birming- 
ham Grand  Junction  and  other  canals  seem  to  carry  on 
as  brisk  a  trade  as  they  did  in  days  gone  by  when  they 
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had  no  better  competitors  than  the  stage-coach  and  the 
carrier's  van. 

For  the  conveyance  of  coarse  goods,  the  bulk  of  which 
is  large  in  comparison  with  their  value,  and  where  time  is 
not  a  consideration,  canals  in  many  places  are  of  great 
service,  and  can  compete  successfully  with  railways  for 
such  traffic.  Thus,  the  average  freight  per  ton  of  wheat 
from  Chicago  to  New  York  ^  was  in  the 
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By  Lake 
and  Canal. 

By  Lake 
and  Rail. 

By  all 
RaU. 

1881,  .... 

1882,  .         .         .        . 

1883,  .... 

1884,  Jan.  to  Sept., 

Cents. 

8-19 
7-89 
8-40 
6-60 

Cents. 
10-4 

10-9 

11-5 

9-75 

Cents. 

14-4 
14-6 
16-5 
13-0 

In  Belgium  the  net  cost  of  canal  carriage  is  '28  4d. 
per  ton  per  mile  for  steam-towing,  and  'SlSd.  per  ton  per 
mile  for  horse-towing,  whereas  goods  traffic  by  railway  is 
•483d.  per  ton  per  mile ;  i.e.  the  canal  charges  are  fully 
one-third  less  than  the  charge  for  carriage  by  railway.* 
These  figures  show  that  in  certain  situations,  and  under 
certain  circumstances,  a  barge  canal  is  a  cheap  means 
of  transport. 

The  great  objections  to  relying  on  canals  for  keeping 
up  regultu:  internal  communication  are  their  liability  to 
stoppage  from  a  deficient  supply  of  water  during  diy 

I  Report  on  Railroad  FederaHoiu  «utd  the  Relatioti$  qf  RaUroads  to  Commerce, 
by  Mr.  Jo«c|ih  Nimma 

•  (lobrrt  on  "  CVuial  NavigAtkm  of  fidgiom,"  Tramtactioiu  qf  the  Jiulitutkm  qf 
<fMl  Ihginttrt,  vol.  IxvUL 
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seasons,  the  interruption  to  which  they  are  exposed 
from  ice  during  winter,  and,  especially,  in  these  days  of 
express  railway  trains  and  electric  telegraphs,  the  very 
limited  speed  at  which  the  canal-boats  can  be  propelled. 
Sir  John  Rennie,  nearly  forty  years  ago,  in  speaking  of 
the  successful  attempts  made  to  introduce  swift  boats, 
and  the  great  improvement  that  was  thereby  effected  in 
canal  transport,  says  : — *'  All  this,  however,  came  too  late  ; 
for  although  it  would  have  been  readily  acknowledged  at 
an  earlier  period,  and  might  perhaps,  for  a  while,  have 
retarded  the  railway  system,  yet  when  once  the  latter 
was  estabHshed,  its  superiority  became  manifest,  and  its 
progress  irresistible."^  To  modern  travellers  the  old 
canal  track-boat,  as  compared  with  the  railway  train,  seems 
to  have  got  so  completely  out  of  date,  that  it  may  at 
first  sight  be  considered  as  uncalled  for  to  describe,  even 
briefly,  a  class  of  works  which  may  almost  be  regarded 
as  obsolete.  It  appears  to  me,  however,  that  the  simple 
consideration  of  the  great  antiquity  of  navigable  canals, 
their  wide-spread  introduction  throughout  the  world,  the 
important  place  which  they  have  so  long  occupied  in  the 
commercial  history  of  every  country,  and,  above  all,  the 
noble  specimens  which  they  afford  of  hydi-aulic  engineer- 
ing of  a  confessedly  difficult  nature,  executed  at  a  period 
when  the  mechanical  appHances  of  modem  times  were 
unknown,  give  to  such  works  an  important  place  in  the 
history  of  Inland  Navigation. 

From  the  writings  of  Herodotus,  Aristotle,  Pliny,  and 
other  ancient  historians,  we  learn  that  canals  existed  in 

^  Minutes  of  Proceediiujg  of  Institution  of  Civil  Engineers,  vol.  v.  p.  78. 


looks. 


4  CANAL  AND  RIVER  ENGINEERING. 

Egypt  before  the  Christian  era,  and  there  is  reason  to 
beheve  that  at  the  same  early  period  artificial  inland 
navigation  had  also  been  introduced  into  China.  Almost 
nothing,  however,  save  their  existence,  has  been  recorded 
with  reference  to  these  very  early  works ;  but  soon  after 
the  commencement  of  the  Christian  era  canals  were  intro- 
duced, and  gradually  extended  throughout  Europe,  in 
Italy,  Spain,  Russia,  Sweden,  Holland,  and  France.^ 
Invention  of  In  Speaking,  however,  of  the  earliest  of  these  works, 
it  is  not  to  be  supposed  that  they  resembled  the  modem 
canals  constructed  in  our  own  and  other  countries.  It  was 
not  until  the  invention  of  canal-locks,  by  which  boats  could 
be  transferred  from  one  level  to  another,  that  inland  navi- 
gation was  rendered  generally  applicable  and  useful ;  and  it 
has  been  truly  remarked,  "  that  to  us,  living  in  an  age  of 
steam-engines  and  daguerreotypes,  it  might  appear  strange 
that  an  invention  so  simple  in  itself  as  the  canal-lock,  and 
founded  on  properties  of  fluids  little  recondite,  should 
have  escaped  the  acuteness  of  Egypt,  Greece,  and  Rome."' 
Not  only,  however,  had  the  invention  escaped  the  notice 
of  the  ancients,  but,  what  is  more  striking,  the  several 
gradations  made  towards  the  attainment  of  that  simple 
but  valuable  improvement  appeal*  to  have  been  so  gnidual, 
that,  like  many  discoveries  of  importance,  great  doubts 
exist  as  to  the  person  and  even  the  nation  by  whom 
canal-locks  were  first  introduced.  One  class  of  writera 
attributes  the  discovery  to  tlie  Dutch ;  and  Messrs.  Tel- 

>  Falton  on  C«n«l  NavigatioD.  London,  1796  ;  VftUanoey'a  Trtatite  oh  ItUand 
Naviffotiott,  Dublin,  1703;  Tutham's  PolUicat  Kcunomy  of  Inland  Xaoigation, 
London,  1799 ;  "  Inland  Navigation,"  Brewster'a  Kdinbtn-yh  EncycloitmUa, 

*  {tmrtmifi  Jteview,  No.  cxlri.,  ••  Navigable  Canala,"  by  Paul  Frisi. 
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ford  and  Nimmo,  who  wrote  the  article  on  Inland  Navi- 
gation in  Bre-wster's  Edinburgh  Encyclopcedia,  adopt  the 
conclusion  that  locks  were  used  in  Holland  nearly  a 
century  before  their  application  in  Italy ;  whQe,  on  the 
other  hand,  the  invention  has  been  strongly  and  not 
unreasonably  claimed  for  engineers  of  the  Italian  school, 
and,  in  particular,  for  Leonardo  da  Vinci,  the  celebrated 
engineer  and  painter.^  Without,  however,  entering  into 
a  discussion  of  this  question,  which  it  is  now  perhaps 
impossible  to  solve,  we  may  safely  state,  that  during  the 
fourteenth  century  the  introduction  of  locks,  whether  of 
Dutch  or  Italian  origin,  gave  a  new  character  to  inland 
na\dgation,  and  laid  the  basis  of  its  rapid  and  successful 
extension.  And  here  it  may  be  proper  to  remark,  that 
the  early  canals  of  China  and  Egypt,  although  destitute 
of  locks,  do  not  appear  to  have  been  on  that  account 
formed  on  a  uniform  level  unadapted  to  varying  heights. 
I  do  not  know  that  the  use  of  locks  has  even  yet  been 
introduced  into  China,  intersected  as  it  is  by  many 
canals  of  great  antiquity  and  extent;^  and  in  order  to 
pass  boats  from  one  level  to  another,  the  Chinese  have, 
from  a  very  early  period,  employed  stop-gates  and  in- 
clined planes  of  rude  construction.  Nevertheless,  the 
invention  of  locks  was,  as  already  noticed,  a  most  impor- 
tant step  in  the  history  of  canals;  and  that  mode  of 
surmounting  elevations  may  be  said  to  be  almost  univer- 
sally adopted  throughout  Europe  and  America.  Inclined 
planes  and  perpendicular  lifts  have,  it  is  true,  been  em- 

*  Frisi  on  Navigable  Canals,  p.  154. 

2  The  Imperial  Canal  in  China  is  said  to  be  upwards  of  1000  miles  in  length. 


Cuial 


6  CANAL  AND  RIVER  ENGINEERING. 

ployed  in  these  countries,  as  will  be  noticed  hereafter; 
but  the  instances  of  their  application  are  undoubtedly  rare. 
Lwigweiioc  But  without  tracing  the  gradual  introduction  of  canals 
from  country  to  country,  I  remark  at  once,  that  we  find 
the  French,  at  the  end  of  the  seventeenth  century,  in 
the  reign  of  Louis  xiv.,  forming  the  Languedoc  Canal, 
between  the  Bay  of  Biscay  and  the  Mediten-anean,  a 
gigantic  work,  which  was  finished  in  1681.  It  is  148 
miles  in  length,  and  the  summit-level  is  600  feet  above 
the  sea ;  while  the  works  on  its  line  embrace  upwards  of 
one  hundred  locks  and  about  fifty  aqueducts, — the  whole 
forming  an  undertaking  which  is  a  lasting  monument  to 
the  skill  and  enterprise  of  its  projectors ;  and  with  this 
work  as  a  model,  it  seems  strange  that  Britain  should 
not,  till  nearly  a  century  after  its  completion,  have 
engaged  in  vigorously  following  so  laudable  an  example. 
But  this  indeed  is  all  the  more  extmordinary,  seeing  that 
the  Romans,  in  eai'ly  times,  had  executed  works  in  Eng- 
land, which,  whatever  might  have  been  their  original  use, 
whether  for  the  purposes  of  navigation  or  dminage,  were 
ultimately,  and  that  even  at  an  early  period,  converted 
into  navigable  canals.  Of  these  works  I  particularly 
specify  the  Caer  Dyke  and  l^oss  Dyke  cuts  in  Lincoln- 
shire, which  are  by  general  consent  admitted  to  have  been 
of  Roman  origin.  The  fonner  extends  from  Peterborough 
to  the  river  Witham,  neai-  the  city  of  Lincoln,  a  distance 
of  about  40  miles ;  and  the  latter  extends  from  Lincoln 
to  the  river  Trent,  near  Torksey,  a  distance  of  11  miles. 

Of  the  Caer  Dyke  the  name  only  now  remains,  but  the 
Fobs  Dyke,  though  of  Roman  origin,  still  exists,  and,  as  it 
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is  the  oldest  British  caned,  the  reader  may  be  interested  Foss  Dyke 

Cana], 

to  learn  the  following  facts  as  to  its  history,  which  I 
gathered   when   designing   works   for  its   improvement. 
Camden  in  his  Britannia  states  that  the  Foss  Dyke  was 
a  cut  originally  made  by  the  Romans,  probably  for  water- 
supply  or  drainage,  and  that  it  was  deepened  and  ren- 
dered in  some  measure  navigable  in  the  year  1121,  by 
Henry  i.     In  1762  it  was  reported  on  by  Smeaton  and 
Grundy,  who  found  the  depth  at  that  time  to  be  about 
2  feet  8  inches.^     They,  however,  discouraged  the  idea 
of  deepening  it  by  excavation.     They  say  they  found 
"  the  bottom  to  be  either  a  rotten  peat  earth,  or  else  a 
running  sand,"  and  that  though  the  deepening  of  the 
navigation  is   in   "  nature  possible,"  yet  it  "  cannot  be 
effected  without  removing  one  of  the  banks,  in  order  to 
widen  the  same,"  which  would  not  only  turn  out  expen- 
sive, but  would  "  occasion  much  loss  of  time  and  profit 
to  the  proprietor,  while  the  work  is  executing."    Nothing 
followed    on   this    report,    but    in    1782    Smeaton    was 
again  called  in,  and  deepened  the  navigation  to  3  feet 
6  inches,  not,  however,  by  widening  the  canal  or  dredging, 
but  by  raising  the  water-level   10  inches.^      From  that 
period  nothing  more  was  done  to  enlarge  the  water-way, 
or  adapt  it  to  increased  traflSc.       Meantime,   however, 
the  adjoining  Witham  navigation,  having  been  improved, 
the  defects  of  the  old  Foss  became  more  apparent,  and  in 
1838  the  late  Mr.  Vignoles  was  consulted,  and  made  an 
elaborate  report  on  alternative  schemes  for  increasing  the 
depth  to  4  and  6  feet.     Nothing,  however,  was  done  till 

*  Smeaton's  Reports,  vol.  L  p.  55 ;  Loudon,  1812.  ^  /jy  p,  74, 
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1840,  when  Messrs.  Stevenson  of  Edinburgh  were  em- 
ployed to  design  works  for  assimilating  the  Foss  Dyke, 
as  far  as  practicable,  both  as  regards  width  and  depth, 
to  the  navigable  channel  of  the  Witham.  On  examination 
I  found  the  depth  of  the  Foss  to  be  3  feet  10  inches,  and 
its  breadth  in  many  places  was  insuflScient  to  admit  of 
two  boats  passing  each  other,  and  for  their  convenience 
occasional  passing  places  had  been  provided.  It  was 
resolved  to  increase  the  dimensions  of  the  canal,  and  to 
repair  the  whole  work.  Accordingly  it  was  widened  to 
the  minimum  breadth  of  45  feet,  and  deepened  to  the 
extent  of  G  feet  throughout ;  alterations  which  were  ac- 
complished, without  stopping  the  traffic,  by  using  steam 
and  hand  dredges,  specially  designed  for  the  purpose. 
The  entrance-lock,  communicating  with  the  river  Trent 
at  Torksey,  was  renewed,  and  a  pumping-engine  was 
erected  for  supplying  water  from  the  Trent  during  dry 
seasons ;  and  thus  that  ancient  canal,  which  is  quoted  by 
Telford  and  Nimmo  as  "the  oldest  artificial  canal  in 
Britain,"  was  restored  to  a  state  of  perfect  efficiency  at  a 
cost  of  about  £40,000,  and  now  forms  an  important  con- 
necting link  between  the  Trent  and  Witham  navigations. 


?»T.....<5-g-.-... 


Fia  1. 
Fig.  1 ,  which  is  a  cross  section  at  a  place  called  **  the 
Narrows,"  shows  the  former  bed  and  banks  in  dotted 
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lines,  and  the  hard  lines  show  the  dimensions  to  which 
the  canal  wi\s  increased. 

Notwithstanding  the  existence  of  this  early  work, 
however,  and  of  some  othei-s  in  the  country,  particularly 
the  Sankey  Brook  Navigation,  opened  in  1760,  it  cannot 
be  doubted  that  the  formation  of  the  Bridgewater  Canal  Bndgewater 

and  other 

in  Lancashire,  the  Act  for  which  was  obtained  in  1759,  canais. 
was  the  commencement  of  British  Canal  Navigation  ;  and 
that  Francis  Duke  of  Bridgewater,  and  Brindley  the 
engineer,  who  were  its  projectors,  were  the  first  to  give 
a  practical  impulse  to  a  class  of  works  which,  under  the 
guidance  mainly  of  Smeaton,  Watt,  Jessop,  Nimmo, 
Bennie,  and  Telford,  has  been  very  generaUy  adopted 
throughout  the  country,  and  has  undoubtedly  been  of 
vast  importance  in  promoting  its  commercial  prosperity.^ 

According  to  Mr.  Smiles,  the  barge  canals  laid  out  by 
Brindley,  although  not  all  executed  by  him,  were  :^ — 


The  Duke's  Canal,  Longford  Bridge  to  Euncom, 

Worsley  to  Manchester, 

Grand    Trunk,  from  Wilden  Ferry  to  Preston 

Brook, 
Wolverhampton , 
Coventry, 
Birmingham, 
Droitwich, 
Oxford,  . 
Chesterfield, 


Miles. 
24 
10 

88 
46 
36 
24 
5 
82 
46 

361 


1  History  of  Inland  Navigation,  particularly  that  of  the  Duke  of  Bridge- 
water,  London,  1786  ;  Hughes's  Memoir  of  Brindley,  Weale's  Quarterly  Papers, 
London,  1843.  '  Smiles's  Lives  o/tlie  Engineers. 
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It  is  believed  that  the  length  of  these  inland  boat- 
navigations,  constructed  in  Britain,  is  about  4700  miles. 

Many  of  them  were  carried  at  great  cost  through  hills 
and  over  valleys.  The  Harecastle  tunnel  on  the  Gi*and 
Trunk  Canal,  made  by  Brindley,  and  afterwards  doubled 
by  Telford,  is  nearly  one  and  a  half  mile  in  length  ;  and 
the  Pont-y-Cyssylte  aqueduct,  on  the  Ellesmere  Canal, 
over  the  Dee,  constructed  by  Telford,  at  a  cost  of  £47,000, 
has  nineteen  openings,  45  feet  span,  and  is  elevated  126 
feet  above  the  river,  the  canal  being  carried  across  in  a 
cast-iron  trough.* 
Difficuiuesin  It  must  be  obvious  that,  to  construct  a  navigable 

^S™*^  "^  channel  through  a  country  varying  in  level,  and  affording 
perhaps  no  great  facilities  for  obtaining  a  supply  of  water, 
infers  high  engineering  skill.  Vast  reservoirs  must  in 
some  cases  be  formed  for  storing  the  water  necessary  to 
supply  during  dry  seasons  the  loss  by  lockage,  leakage, 
and  evaporation.  Feeders  must  be  made  to  lead  this 
water  to  the  canal ;  hiUs  must  be  pierced  by  tunnels ; 
valleys  must  be  crossed  on  lofty  embankments,  or  spanned 
by  spacious  aqueducts ;  and,  above  all,  the  whole  must 
be  conceived  and  laid  out  with  scrupulous  regard  to  the 
all-important  object  of  securing  the  works  against  injury 
from  an  overflow  of  water  during  floods,  and  a  consequent 
inundation  of  the  surrounding  country.  Moreover,  the 
necessity  of  laying  out  the  canal  in  level  stretches,  and 
surmounting  elevations  by  means  of  locks  or  inclined 
planes,  occurring  at  intervals,  often  occasions  much  difli- 
culty,  and  gi*eatly  restricts  the  resources  of  the  oii«_nii«>er. 

I  Lift<^  Ttfford^  London,  1838. 
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Taking,  then,  all  these  circumstances  into  considera- 
tion, and  bearing  in  mind  that  canals  were  the  pioneers 
of  railways,  we  think  it  may  safely  be  affirmed  that 
the  canal  engineers  of  former  days  had  much  more 
serious  physical  difficulties  to  contend  with  than  are 
experienced  in  carrying  out  the  railways  of  modern 
times  ;  if  we  except  such  works  as  the  Britannia  Bridge, 
the  high-level  bridge  of  Newcastle,  the  Forth  Bridge,  the 
Boxhill,  Mont  Cenis,  Severn,  and  Mersey  Tunnels,  and 
some  other  kindred  works.  But,  indeed,  their  mechanical 
difficulties  were  also  greater;  for  the  introduction  of 
steam,  and  its  wide-spread  application  to  all  engineering 
operations,  affords  facilities  to  the  engineers  of  the 
present  day  which  Smeaton  at  the  Eddystone,  Stevenson 
at  the  Bell  Bock,  and  Bennie  and  Telford  in  their 
early  navigation  works,  did  not  enjoy.  The  distin- 
guished merits  of  the  engineers  who  practised  in  the 
last,  and  at  the  commencement  of  the  present  century, 
cannot  indeed  be  over-estimated  ;  and  had  it  been  within 
the  scope  of  this  treatise  I  should  readily,  because  I  am 
sure  profitably,  have  described  in  detail  some  of  the  grand 
aqueducts  and  other  works  on  the  lines  of  our  canals. 
\11  I  can  do,  however,  consistently  with  the  limits  to 
which  I  have  restricted  myself,  is  to  indicate  the  general 
principles  which  should  guide  the  engineer  in  selecting 
the  route  for  a  canal,  referring  for  details  of  construc- 
tion to  treatises  on  the  Strength  of  Materials,  Bridge- 
building,  Tunnelling,  Earthwork,  Masonry,  Carpentry, 
and  Beservoirs,  all  of  wliich  are  more  or  less  applicable 
to  the  formation  of  canals. 
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Supply  of  A  canal  cannot  be  properly  worked  without  a  full  sup- 

ply of  water,  calculated  to  last  over  the  driest  season  of 
the  year,  and  in  that  respect,  except  as  to  the  quality  of 
the  water,  demands  all  the  care  and  attention  requisite  in 
investigating  the  sources  of  water  for  supplying  towns. 
If  there  be  no  lake  in  the  district  available  for  supplying 
the   canal,  and   affording   storage  for  dry  seasons,  the 
engineer  must  select  such  situations  as  are  suitable  for 
the  construction  of  artificial  reservoirs,  and  the  condi- 
tions to  be  attended  to  in  selecting  theu*  positions  are  the 
same  as  those  for  water- works.     They  must  command  a 
sufficient  area  of  drainage  to  supply  the  loss  by  leakage, 
evaporation,  and  lockage,  due  to  the  length  of  the  canal, 
the  number  and  size  of  the  locks,  and  the  probable  amount 
of  traffic.     The  capability  of  the  district  to  afford  this 
supply  will  depend  on  the  area  of  the  watershed,  and  the 
annual  amount  of  rain-fall,  as  ascertained  by  accumte 
rain-gauge  observations.     The  off-lets  from  the  reservoira 
must  be  at  such  an  elevation  as  to  admit  of  water  being 
conveyed  to  the  summit-level  of  the  canal.    The  embank- 
ments for  retaining  the  water  must  be  erected  on  sites 
affording   a   favourable   foundation,   and   if   possible   in 
situations  where  an  embankment  of  small  height  and 
length  may  dam  up  a  large  quantity  of  water.     It  is 
further  necessary  to  consider  whether  the  subsoil  of  the 
valley  forming  the  reservoirs  is  throughout  of  so  retentive 
a  nature  as  to  prevent  leakage ;  and  it  is  also  essential 
to  provide,  by  means  of  waste  weirs,  for  the  discharge  of 
floods.     The  Caledonian  Canal,  to  be  afterwards  noticed, 
is,  in  this  respect,  very  favourably  situated,  the  whole 
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supply  being  obtained  from  natural  lochs.  In  other 
cases,  such  as  the  Union,  Forth  and  Clyde,  Crinan, 
Bu'mingham,  and  other  canals,  it  has  been  found  neces- 
sary to  construct  large  artificial  reservoirs,  from  which 
the  water  is  led  in  feeders  to  points  convenient  for 
forming  a  junction  with  the  canal.  The  water  in  these 
reservoirs  is  stored  up  in  winter,  and  let  off  as  required 
during  the  droughts  of  summer.  In  situations  where 
the  canal  communicates  with  the  sea  or  a  tidal  river,  and 
where  the  upland  water-supply  is  small,  as  at  the  Foss 
Dyke,  already  referred  to,  the  water  is  raised  from  the 
sea  by  pumping  engines. 

It  will  readily  be  seen,  therefore,  how  important  it  is 
to  reduce  to  a  minimum  the  loss  of  water  due  to  leakage 
from  deficient  workmanship,  as  well  as  to  lockage  of  the 
traffic  through  the  canal,  and  (while  on  this  subject)  it 
may  be  stated  that  the  up  consumes  a  greater  amount 
of  water  than  the  down  traffic,  for  an  ascending  boat  on 
entering  a  lock  displaces  a  volume  of  water  equal  to  its 
submerged  capacity ;  the  water  so  displaced  flows  into 
the  lower  reach  of  the  canal  and  the  lower  gates  are 
closed,  the  boat  is  then  raised,  and  on  passing  into  the 
higher  reach  of  the  canal  its  displacement  lost  on  enter- 
ing is  supplied  by  water  withdrawn  from  the  higher 
reach.  A  descending  boat,  on  the  other  hand,  on  entering 
a  lock  hkewise  displaces  a  volume  of  water  equal  to  its 
submerged  capacity,  but  the  water  in  this  case  flows 
back  into  the  higher  reach  of  the  canal,  where  it  is 
retained  when  the  gates  are  closed.  Mr.  Fulton  gives 
the  consumption  of  25-ton  boats  through  locks  of  8  feet 
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lift  as  about  163  tons  of  water  in  ascending,  and  103  in 
descending.  Several  proposals  have  been  made  for  re- 
ducing the  loss  of  water  by  side  ponds  to  receive  part  of 
the  water,  but  all  such  plans  delay  the  traffic  and  have 
not  come  into  general  use. 
CwMBectioti  The   barge  canals   constructed   in   this  country  are 

between  4  and  5  feet  in  depth.  When  the  soil  in  which 
they  were  made  was  retentive,  they  were  formed  as  shown 

h *0  ft 

Fi<:.  2. 

in  the  cross  section,  fig.  2.  But  when  the  soil  was  porous, 
or  where  the  canal  was  embanked  above  the  adjoining 
ground,  clay-puddle  was  introduced,  as  shown  in  fig.  3. 


Fio,  3. 

Professor  Rankine  says  the  depth  of  water  and  sectional 
area  of  water-way  should  be  such  as  not  to  cause  any 
material  increase  of  the  resistance  to  the  motion  of  the 
boat  beyond  what  it  would  encounter  in  open  water, 
and  gives  the  following  rules  as  fulfilling  these  condi- 
tions : — 

Least  breadth  at  bottom  =  2  x  greatest  bi*eadth  of  boat 
Least  depth  of  water       =  I  ^  foot  +  greatest  draught  of  boat 
Least  area  of  water-way  =  6  x  greatest  midship  section  of  boat 

Other  sections,  such  as  the  semicircular  or  elliptical 
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with  the  major  axis  horizontal,  have  been  proposed  as 
being  more  conducive  to  speed,  but  the  nature  of  the 
ground  through  which  the  canal  has  to  pass,  the  facility 
for  getting  material  for  making  the  pitched  slopes,  and 
the  nature  of  the  traffic,  must  be  of  far  greater  importance 
to  the  engineer  in  advising  a  particular  section.  All 
that  the  engineer  can  aim  at  is  to  get  the  greatest 
possible  depth  of  water  below,  and  in  narrow  canals 
round,  a  section  of  the  hull  of  the  largest  class  of 
vessel  which  is  to  navigate  the  canal. 

In  laying  out  a  line  of  canal,  the  engineer  is  much  more  Reaches  and 

locks. 

restricted  than  in  fixing  the  route  of  a  road  or  railway, 
where  gradients  more  or  less  gentle  can  be  introduced  to 
suit  the  undulating  surface  of  the  country.  A  canal,  on 
the  contrary,  must  follow  rigidly  the  bases  of  sloping 
hills,  and  the  windings  of  valleys,  so  as  to  preserve  a 
uniform  level.  It  is  also  of  great  importance  to  lay  out 
the  work  in  long  level  reaches,  and  to  overcome  eleva- 
tions in  cumulo,  by  groups  of  locks  at  places  where  the 
nature  of  the  country  admits  of  its  being  most  advan- 
tageously effected.  This  not  only  leads  to  a  saving  of 
attendance  and  expense  in  working  the  canal,  but  is 
also  more  convenient,  as  presenting  fewer  stoppages  to 
the  traffic  ;  but  to  prevent  waste  of  water  the  locks  must 
be  placed  sufficiently  apart,  say  100  yards,  or  an  inter- 
vening pond  or  increased  width  of  canal  must  be  formed, 
so  that  a  descending  boat  does  not  let  off  more  water 
than  the  area  below  will  receive  without  raising  its 
surface  so  much  as  to  lose  the  surplus  water  over  the 
waste  weirs.     The  means  of  overcoming  the  difference 
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of  level  between  the  various  reaches  must  depend  veiy 
much  on  circumstances.  With  few  exceptions,  the 
change  of  level  is  eflPected  by  means  of  locks,  which 
generally  have  a  lift  of  8  or  10  feet,  though  in  some 
cases  it  is  somewhat  greater.  The  dimensions  of  the 
locks  ought  to  be  regulated  by  the  traffic;  but  they 
should,  in  order  to  save  water,  be  as  nearly  as  possible 
the  size  of  the  craft  to  be  passed  through  them,  allowing 
about  six  inches  to  a  foot  of  extra  breadth  and  draught 
of  water.  The  barge  canals  in  England  have  locks  from 
8  feet  to  14  feet  in  breadth,  and  from  70  to  80  feet 
long,  and  their  use  in  raising  or  lowering  boats  from 
the  different  reaches  is  so  well  known  as  not  to  require 
description. 

The  water  is  generally  admitted  into  and  flows  from 
each  lock  by  sluices  formed  in  the  gates,  and  the  passage 
of  a  boat  occupies  from  three  to  six  minutes,  depending 
on  the  lift.  Sir  William  Cubitt,  in  carrying  out  the 
improvements  of  the  Severn  navigation,  introduced  the 
water  through  a  culvert  parallel  to  the  side  wall  of  the 
lock,  and  opening  in  the  centre  by  means  of  a  timnel, 
which  admits  16,000  cubic  feet  of  water  to  flow  into  or 
out  of  the  lock  in  Ij  minute ;  and  in  little  more  than 
that  time  loaded  vessels  can  be  passed  through.* 
inciinea  pUnes        Inclined  planes  and  perpendicular  lifts,  which   have 

»n<l  p«rpeii' 

<ncui8r  iifu.  the  great  advantage  of  saving  water  and  time  of  tran- 
sit, were  adopted  as  long  ago  as  1789  on  the  Ketling 
Canal  in  Shropshire,  and  afterwards  on  the  Duke  of 
Bridgewater's  Canal.     The  most  extensive  application  of 

*  Mmut«$  €/ Procted'iHgt  of  InalHutioH  o/CMt  Awytiwera,  vol.  v.  p.  340. 


BARGE   CANALS.  17 

inclined-plane  navigation  which  I  have  «een,  was  that  of 
the  Moms  Canal  in  the  United  States,  constructed  by 
Mr.  Douglas  of  New  York,  on  which  there  were  no  fewer 
than  twenty-three  inclined  planes,  having  gradients  of 
about  1  in  10,  with  an  average  lift  of  58  feet.  The  boats 
weighed,  when  loaded,  50  tons,  and  after  being  grounded 
on  a  carnage,  were  raised  by  water-power  up  the  inclines 
with  great  ease  and  expedition.  The  length  of  the  Monis 
Canal,  between  the  rivers  Hudson  and  Delaware,  is  101 
miles,  and  the  whole  rise  and  fall  is  1557  feet,  of  which  223 
are  overcome  by  locks,  and  the  remaining  1334  by  inclined 
planes.^  When  first  describing  this  work  in  my  book  on 
American  Engineering,  I  stated  that  the  principal  objec- 
tion to  the  use  of  inclined  planes  for  moving  boats  from 
different  levels,  was  the  injury  they  were  apt  to  sustain 
in  supporting  great  weights  while  resting  on  the  cradle, 
during  their  progress  over  the  plane.  A  slimly-built 
canal-boat  80  feet  long,  and  loaded  with  30  tons,  could 
not  be  grounded  on  a  smooth  surface  without  straining 
her  timbers,  but  this  objection  has  to  some  extent  been 
overcome  on  an  inclined  plane  more  recently  constructed 
by  Mr.  Leslie  and  Mr.  Bateman  on  the  Monkland  Canal,  Monkiand 

Canal  incline. 

where  the  boats  are  not  wholly  grounded  on  the  carriage, 
but  are  transported  over  the  incline  in  a  caisson  of 
boiler-plate  containing  2  feet  of  water,  and  are  thus 
water-borne.  This  inclined  plane  is  wrought  by  two 
high-pressure  steam-engines  of  25-horse  power  each.  The 
height  from  surface  to  surface  is  96  feet,  and  the  gradient 
is  1  in  10.     The  maximum  weight  raised  is  80  tons,  and 

*  Stevenson's  Sketch  ofCivU  Engineering  in  North  Ameriea. 
B 
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the  whole  transit  is  accomplished  in  about  ten  minutes. 
For  the  five  years  previous  to  the  end  of  1856,  the 
average  number  of  boats  that  passed  over  the  incline 
each  year  was  7500.  Mr.  Green  ^  introduced  on  the 
Great  Western  Canal  a  perpendicular  lift  of  46  feet.  Sir 
WiUiam  Cubitt  has  also  introduced  three  inclined 
planes,  having  gradients  of  1  in  8,  on  the  Chard  Canal, 
Somersetshire.  One  of  these  inclines  overcomes  a  rise 
of  86  feet ;  and  they  are  said  to  act  very  satisfactorily.* 

Teh^'aj^tepec  rpj^g   Tehuantepcc   Ship   Railway,   projected  by  Mr. 

James  B.  Eads,  for  taking  large  ocean  steamers  across  the 
Isthmus  of  Tehuan tepee  in  Mexico,  is  designed  by  him 
for  drawing  the  vessels  on  a  car  up  the  incline  by  means 
of  locomotives  of  great  tractive  power.  The  highest 
point  of  the  proposed  railway  is  726  feet  above  the  mean 
sea  level,  the  steepest  gradient  1  in  100,  and  its  total 
length  134  miles.^ 

Anderton  Lift.  One  of  the  most  recent  lifts  that  has  been  constructed 
is  that  at  Anderton,  on  the  Weaver  Navigation  in 
Cheshire.  This  work  was  initiated  by  Mr.  Edward 
Williams,  and  "can-ied  out  under  the  direction  of  Mr. 
Edwin  Clarke.  By  means  of  this  apparatus  canal  barges 
weighing  100  tons,  after  being  passed  into  an  iron  tank 
or  trough  filled  with  water,  are  raised  through  a  height 
of  50  feet  4  inches,  and  again  passed  into  the  canal  with- 
out ever  gi-ounding.  The  tank  is  guided  in  its  ascent 
and  descent  by  four  guide  pillars,  one  at  each  comer,  but 
it  is  entirely  supported  and  moved  up  and  down  by  one 

^  TraiuaetioM  of  ItutUutioH  of  Civil  EngtHten,  voL  ii.  ]«.  185. 

*  MinuUM  <if  Proceeding*  qf  Inxtiiution  of  Civil  En'/tnrfrit,  vol.  xiii.  p.  205. 

'  Th€  Ttlmamt^pK  Skip  /taHwai/,  by  E  L.  Cortbell,  C.K.,  1884. 
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central  vertical  ram.  The  tanks  are  double,  one  being 
made  to  descend  while  the  other  is  being  raised.  The 
weight  of  each  trough  with  water  and  barge  is  240 
tons.  The  construction  of  this  lift  claims  the  advantages 
of  a  saving  of  water,  time,  and  of  cost  of  attendance,  etc. 
It  cost  about  £50,000,  and  an  interesting  account  of 
it  will  be  found  in  the  Minutes  of  Proceedings  of  the 
Institution  of  Civil  Engineers^  by  Mr.  S.  Duer,  who 
superintended  the  construction  of  the  greater  part  of 
the  work.^ 

An  essential  adjunct  to  a  canal  is  a  sufficient  number  Waateweirsw 
of  waste  weirs  to  admit  of  the  discharge  of  the  surplus 
water  which  accumulates  during  floods,  or  from  wind 
acting  on  a  long  straight  reach,  and  which  may,  if  not 
provided  with  an  exit,  rise  to  such  a  height  as  to  over- 
flow the  towpath,  and  cause  a  breach  in  the  banks, 
producing  stoppage  of  the  traffic  and  damage  to  the  ad- 
joining lands.  In  determining  the  number  and  positions 
of  these  waste  weirs,  the  engineer  must  be  guided  entirely 
by  the  nature  of  the  country  through  which  the  canal 
passes.  Whenever  an  opportimity  occurs  of  discharging 
surplus  water  from  an  aqueduct  into  a  stream  crossed  by 
the  canal,  a  waste  weir  may  safely  be  introduced ;  but, 
independently  of  this  natural  facility,  the  engineer  must 
consider  from  what  quarters,  and  at  what  points,  the 
greatest  influx  of  water  may  be  apprehended,  and  must, 
at  such  places,  not  only  form  waste  weirs  of  sufficient  size, 
to  let  off"  the  siu-plus,  but  prepare  artificial  courses  for  its 
discharge  into  the  nearest  streams.     These  waste  weirs 

*  Minutes  of  Proceedings  of  the  Instittition  of  Civil  Engineers,  vol.  xlv.  p.  107. 
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are  overflows  placed  at  the  top- water- level  of  the  canal, 
so  that  in  the  event  of  a  flood  occurring,  the  water  flows 
over  them,  and  thus  relieves  the  banks.  The  want  of 
sufficient  escape  for  flood-water  has  occasioned  overflows 
of  canal  banks,  which  were  attended  with  very  serious 
injury  to  the  works,  and  lengthened  suspension  of  the 
traffic ;  and  attention  to  this  particular  part  of  canal 
construction  is  of  essential  importance, 
stop-gates.  It  is  neccssary  to  introduce  stop-gates,  at  short  inter- 

vals of  a  few  miles,  for  the  purpose  of  dividing  the  canal 
into  isolated  reaches,  so  that  in  the  event  of  a  breach 
occurring,  the  gates  may  be  shut,  and  the  discharge  of 
water  confined  to  the  small  reach  intercepted  between  two 
of  them,  instead  of  extending  throughout  the  whole  line 
of  canal.  In  large  works  these  stop-gates  may  be  most 
advantageously  formed  in  the  same  manner  as  the  gates 
of  locks,  two  pairs  of  gates  being  made  to  shut  in  opposite 
directions.  In  small  works  they  may  be  made  of  thick 
planks,  which  are  slipped  into  grooves  formed  at  those 
narrow  parts  of  the  canal  which  occur  under  road  bridges, 
or  at  contractions  made  specially  at  intennediate  points  to 
receive  them.  Self-acting  stop-gates  have  been  tried,  but 
their  success  has  not  been  such  as  to  lead  to  their  general 
introduction.  Stop-gates  are  further  found  to  be  very  use- 
ful in  cases  of  repairs,  as  they  admit  of  the  water  being 
nm  off  from  a  short  reach,  when  the  repairs  can  be  made, 
and  the  water  afterwards  restored,  with  comparatively 
little  interruption  to  the  traflSc.  Their  value  in  obviating 
serious  accidents  was  well  exemplified  on  one  occasion  in 
my  own  experience.      The  water  during  a  heavy  flood 
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flowed  over  the  towing-path  of  the  Union  Canal  connect- 
ing Edinburgh  and  Glasgow,  near  the  end  of  an  aqueduct 
which  adjoined  a  liigh  embankment,  and  the  uncontrolled 
current  carried  away  the  embankment  and  the  soil  on 
which  it  rested,  to  the  depth  of  80  feet,  as  measured  from 
the  top  water-level.  The  stop-gates  were,  on  the  occa- 
sion refeiTed  to,  promptly  applied,  and  the  discharge  con- 
fined to  a  short  reach  of  a  few  miles,  otherwise  the  injury, 
which,  even  in  its  modified  form,  was  very  considerable, 
would  have  been  enormous,  not  only  to  the  canal  works, 
but  to  the  adjoining  lands. 

For  the  purpose  of  draining  off  the  water  to  admit  oflf-iets. 
of  repairs  after  the  stop-gates  have  been  closed,  it  is 
proper  to  introduce,  at  convenient  situations,  a  series 
of  exits  called  "  off-lets,"  w^hich  are  pipes  placed  at  the 
level  of  the  bottom  of  the  canal,  and  fitted  with  sluices 
which  can  be  opened  and  shut  when  required.  These 
off-lets  are  generally  formed  at  aqueducts  or  bridges 
crossing  rivers  where  the  contents  of  the  canal  can  be 
run  off  into  the  bed  of  the  stream,  the  stop-gates  on 
either  side  being  closed,  so  as  to  isolate  the  part  of  the 
canal  from  which  the  water  is  withdrawn. 

In  executing  the  work,  provision  must  be  made  forTowpaths. 
the  proper  drainage  of  the  towpath,  which  should  be 
made  highest  at  the  side  next  the  canal,  and  sloped  with 
a  gentle  inclination  towards  the  outside.  The  drainage  Drainage  and 
of  the  towpath  should  be  carried  to  a  sky  drain,  and  at 
intervals  passed  below  it  into  the  canal,  as  shown  in  fig,  4. 
The  preservation  of  the  banks  at  the  water-Hne  is  also 
a  matter  of  importance.     "Pitching"  with  stones  and 
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"  facing  "  with  brushwood  are  employed,  and,  in  my  ex- 
perience, the  latter,  if  well  executed,  forms  an  economical 
and  effectual  protection.  Fig.  4  is  a  section  of  these 
works  as  executed  at  the  Foss  Dyke. 


Fig.  4. 


Puddling.  In  forming  the  alveus  or  bed  of  the  canal,  great  care 

must  be  taken,  especially  on  embankments,  and  even  in 
cuttings,  where  the  soil  is  porous,  to  provide  against 
leakage  by  using  puddle,  as  shown  on  fig.  3,  page  14. 
An  all-important  matter,  as  affecting  the  construction  of 
the  works,  is  the  possibility  of  getting  clay  in  the  district, 
or  such  other  soil  as  may  be  worked  into  puddle,  on  the 
good  quality  of  which  the  stability  of  the  reserv^oir  em- 
bankments, and  the  imperviousness  of  the  bed  and  banks 
of  the  canal,  mainly  depend. 

These  are  the  only  points  of  general  application,  in 
the  construction  of  canals,  to  which  I  can  advantageously 
refer ;  and  in  applying  them  to  each  case,  the  engineer 
must  be  guided,  first,  by  theoretical  knowledge,  to  be 
acquired  by  a  careful  study  of  his  profession ;  and, 
secondly y  by  that  experience  which  can  be  gained  only 
by  examination  of  works  in  actual  opemtion. 
Mods  or  COB*  Not  a  little  has  been  written  on  the  best  mode  of  con- 

on  oMUkU.        ducting  tratnc  on  canals,  and  the  reader  who  wishes  to 
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study  the  subject  fully  is  referred  to  the  observations 
made  by  Mr.  Walker   and   Mr.  George   Rennie  in  the 
Transactions  of  the  Royal  Society  and  of  the  Institution  of 
Civil  Engineers,  and  especially  to  the  valuable  researches 
on  hydrodynamics  by  Mr.  J.  Scott  Russell  in  the  Trans- 
actions of  the  Royal  Society  of  Edinhurgh.     Mr.  Russell, 
while  experimenting  on  propeUing  boats  at  high  speeds, 
found  that  the  primary  wave  of  displacement  produced 
by  the  motion  of  a  boat  moves  with  a  velocity  due  to  the 
depth  of  water  in  the  canal,  being  the  velocity  that  is  due 
to  gravity  acting  thi'ough  a  height  equal  to  the  depth  of 
the  centre  of  gravity  of  the  cross-section  of  the  channel 
below  the  surface  of  the  fluid.     The  velocity  is  in  no 
degree  dependent  on  the  form  or  velocity  of  the  body 
which  generates  it,  or  on  the  breadth  of  the  canal.     A 
wave  that  had  a  velocity  of  8  miles  an  hour  was  traced 
to   a  point  where  the  channel  became  deeper,  and  its 
velocity  was  suddenly  accelerated ;  the  channel  became 
alternately  narrower  and  wider  without  producing  any 
sensible  effect,  but  when  the  wave  once  more  reached 
that  part  of  the  channel  which  was  of  the  original  depth 
it  resumed  its  original  velocity.     A  fact  of  great  pmctical 
value  was  established,  that  a  boat,  if  raised  by  a  sudden 
effort  to  the  top  of  a  primary  wave,  could  be  drawn  along 
at  10  miles  an  hour  with  less  fatigue  to  the  horses  than 
if  drawn  at  the  rate  of  6  miles,  while  the  waste  was  less 
severe  on  the  banks  of  the  canal. 

These  investigations  were  made  before  the  general 
establishment  of  railways,  when  swift  canal  travelling 
seemed  still  a  desirable  attainment.     But  though  boats 
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propelled  at  high  speed  on  canals  have  given  place  to 
railway  carriages,  yet  the  canal  traffic  must  be  conducted, 
and  the  cheapest  means  of  effecting  the  "  haulage  "  with 
the  least  danger  to  the  banks  is  still  an  important  inquiry, 
and  has  within  the  last  few  years  afforded  matter  for 
some  highly  interesting  papers  and  statements  in  the 
Proceedings  of  the  Institution  of  Civil  Engineers} 
Wasting  of  the  One  of  the  great  objections  to  high  speeds  on  narrow 
channels  is  the  wasting  of  the  banks  by  the  displacement 
produced  in  propelling  the  vessel  through  the  water.  The 
wasting  indeed  takes  place  even  with  very  low  speeds, 
and  as  a  matter  of  canal  engineering  it  is  necessary  to 
notice  it.  To  give  an  instance  of  the  effect  on  the  large 
scale  :  Mr.  Ure  says  that  the  river  steamere  on  the  Clyde, 
gomg  at  a  speed  of  eight  to  nine  miles  per  hour,  produce 
a  swell  which  commences  to  rise  when  the  vessel  is  "  two 
or  three  miles  off" — a  circumstance  which  was  first 
noticed  by  Mr.  J.  Scott  Russell  in  1837.  The  swell 
gradually  increases  as  the  steamer  approaches,  and  at 
last,  becoming  a  wave  of  translation,  it  breaks  on  the 
river  walls  nearly  abreast  of  the  vessel,  following  her  on 
her  course  along  the  river,  as  a  violent  breaking  wave, 
measuring  sometimes  8  or  10  feet  from  the  hollow  in  the 
channel  to  the  crest  on  the  ivall.  A  coating  of  heavy 
whinstone  rocks,  from  2  to  3  feet  thick,  extending  from 
low  to  high  water  mark,  is  found  necessary  to  enable  the 
banks  to  withstand  this  wave  action.  Mr.  Ure  also  found 
that  the  action  of  passing  steamers,  though  very  desti-uc- 
tive  to  the  banks,  was  useful  in  stirring  up  the  mud  from 

»  MtHuUt  0/ Procetditujt  Iff  InMUuthn  of  Civil  Engineer;  vol.  xxvi.  p.  1. 


BARGE   CANALS.  25 

the  bottom,  which  was  carried  off  by  the  currents  to  an 
extent  which  he  estimates  to  be  from  20  to  25  per  cent, 
of  the  whole  quantity  dredged  from  one  particular  part 
of  the  river  where  he  carefully  measured  it.  It  will  at 
once  be  apparent,  that  however  inconvenient  these  wast- 
ing waves  may  be  in  a  river,  the  waves  in  a  canal,  though 
smaller,  are  nevertheless  a  source  of  greater  anxiety, 
acting  as  they  do  in  a  narrow  artificial  channel  formed  at 
some  places  on  high  embankments,  the  failure  of  which 
might  be  attended  with  serious  consequences. 

The  wasting  on  canals  where  the  traffic  is  conducted 
at  a  moderate  speed  is  found  to  extend  not  more  than 
18  inches  to  2  feet,  that  is,  1  foot  above  and  below  the 
water-line,  and  Mr.  Clegram  states  that  he  has  found  on 
the  Gloucester  Canal  that  a  facing  of  stone  about  a  foot 
in  thickness,  the  stones  being  18  to  20  cubic  feet  each, 
filled  into  a  recess  cut  in  the  banks,  formed  a  complete 
protection.  The  protection  adopted  at  the  Foss  Dyke 
Canal,  consisting  of  fascines  of  brushwood,  as  shown  on 
page  22,  is  also  most  effective. 

What  has  recently  led  to  the  consideration  of  the  steam-towing 

on  Gloucester 

best  means  of  protecting  the  banks  of  canals  is  the  sub-  and  other 

•  1  •  1  /Y>      canals. 

stitution  of  steam  for  horse  power  m  working  the  traffic, 
and  this  has  been  entirely  successful.  The  first  attempt 
at  using  steam-power  on  canals  was  made  on  the  Forth 
and  Clyde  Canal  with  Symington's  boat  in  1789. 
Various  experiments  were  made  with  the  view  of  intro- 
ducing tugs,  but  these  were  ultimately  abandoned  in 
favour  of  steam-lighters,  which  now,  in  great  numbers, 
navigate  the  canal,  and  make  passages  to  Leith,  Greenock, 
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and  other  trading  ports  on  the  Firths  of  Forth  and 
Clyde. 

This  system,  however,  would  not  suit  the  trade  of 
the  Gloucester  Canal,  which  is  chiefly  frequented  by 
sea-borne  vessels,  and  Mr.  Clegram,  its  engineer,  gives  an 
interesting  account  of  the  introduction  of  steam-towing 
on  that  navigation.^  The  following  extracts  from  his 
paper  seem  generally  applicable  to  all  navigations  where 
towing  is  to  be  adopted.  He  says  the  navigation  is  a 
ship  canal  leading  from  the  Severn  at  Gloucester  to  the 
Severn  at  Sharpness  Point.  It  is  16 J  miles  in  length, 
and  has  a  depth  of  water  varying,  according  to  the  season, 
from  18  feet  to  18  feet  6  inches,  navigable  by  vessels  of 
700  tons  register.  Prior  to  the  year  1860  all  sea-going 
vessels  passing  through  were  towed  by  horses,  the  num- 
ber of  horses  being  regulated  by  a  scale  varying  from 
1  horse  for  a  vessel  of  40  tons  to  9  horees  for  a  vessel  of 
420  tons.  The  cost  of  this  amounted  generally  to  about 
one  farthing  per  ton  per  mile  on  the  register  tonnage  of 
the  ves.sel.  The  speed  varied  from  1  mile  to  3  miles  per 
hour,  according  to  the  8i:se  of  the  vessel  and  the  state  of 
the  weather. 

In  1860  steam- tugs  were  placed  upon  the  canal  to 
do  this  work.  They  are  iron  boats,  65  feet  long,  12  feet 
beam,  and  draw  6  feet  3  inches  of  water,  fitted  with  high- 
pressure  engines  ;  the  diameters  of  the  cylinders  are  20 
inches,  with  a  length  of  stroke  of  1 8  inches,  the  pressure 
of  the  steam  being  32  lb.  on  the  inch,  and  the  cost  of 
each  £3000.     Nearly  the  whole  of  the  sea-going  craft  are 

*  MiHtiU*  of  IiutitHtioH  qf  Civil  EngiHter*,  vol.  xxvi.  p.  1, 
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now  towed  by  these  tugs.  The  vessels  range  from  30 
tons  up  to  700  tons  register,  with  a  varying  draught  of 
water  of  from  6  to  1 6  feet.  They  are  towed  either  singly 
or  in  a  train,  according  to  circumstances.  Sometimes  as 
many  as  thirteen  loaded  vessels  of  from  50  to  100  tons 
register  have  been  towed  by  one  tug  at  the  rate  of  3 
miles  to  3j  miles  an  hour.  The  heaviest  load  drawn  by 
anyone  tug  has  been  1690  tons  of  goods,  in  three  vessels. 
Their  draught  of  water  varied  from  14  feet  6  inches  to 
15  feet  6  inches,  and  they  were  taken  the  whole  length 
of  the  canal  at  the  speed  of  2  miles  an  hour.  The  smaller 
vessels  are  tqwed  at  a  speed  of  4  miles  an  hour,  to  which 
as  a  rule  they  are  restricted. 

The  employment  of  steam  as  a  towins:  power  has  been  Advantages  of 

^      "^  *-'  ^  steam-towmg. 

found  in  nearly  every  way  advantageous.  The  work  is 
greatly  economised.  The  vessels  rub  much  less  against 
the  sides  of  the  banks,  the  power  being  right  ahead,  and 
not  on  one  side,  as  with  horses.  The  wear  on  the  ropes 
used  in  tracking  is  much  reduced,  the  speed  is  increased, 
and  vessels  can  now  be  moved  along  the  canal  in  weather 
which  would  have  prevented  horses  doing  the  work. 
With  a  strong  wind  athwart  the  canal  vessels  cannot  be 
tracked  in  train ;  they  must  then  be  taken  singly,  or  at 
most  two  at  a  time.  When  vessels  are  towed  in  train, 
as  a  rule  the  largest  and  heaviest  draughted  are  placed 
first,  and  hawsers  leading  from  the  first  vessel  to  the 
tug  are  taken  from  each  side  of  the  bow.  With  this 
arrangement,  and  a  skilful  management  of  the  tug,  the 
vessel  can  be  kept  fairly  in  the  line  of  the  canal. 

The  only  disadvantage  of  this  system,  on  a  canal  the 
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sides  of  which  are  unprotected,  is  the  additional  wear 
caused  by  the  constant  passage  of  the  tugs  as  well  as  by 
the  run  of  water  between  the  sides  of  the  large  vessels 
and  the  banks.  Such  vessels  occupy  a  large  part  of  the 
sectional  area  of  the  canal,  and  being  taken  along  at  a 
much  greater  speed  than  they  were  by  horses,  the  back 
run  of  water  is  more  rapid  and  prejudicial.  When  the 
vessels  or  trains  of  vessels  are  heavy,  and  the  tugs  are 
working  up  to  their  full  power  and  speed,  the  water 
thrown  back  by  the  action  of  the  screw  against  the  bow 
of  the  first  vessel  is  thrown  off*  by  it  to  the  banks  on 
either  side,  and  is  the  cause  of  considerable  wash.  This 
has  been  attempted  to  be  remedied  by  placing  the  first 
vessel  further  back  from  the  tug  ;  but  in  practice  it  is 
found  that  a  distance  of  from  40  to  50  feet  is  the  furthest 
separation  that  can  be  allowed  without  saciificing  that 
hold  between  the  two  which  prevents  the  vessel  sheer- 
ing from  side  to  side.  The  first  vessel,  being  kept 
steadily  in  her  course,  the  others  follow  without  much 
difficulty. 

The  employment  of  tugs  has  afforded  an  unexpected 
facility  in  cleansing  the  canal  from  the  deposit  of  mud. 
Formerly  it  was  difficult  to  remove  this  deposit  from  the 
slopes  of  the  banks  on  which  it  collected,  sometimes 
inconveniently  contracting  the  capacity  of  the  canal. 
Since  the  vessels  have  been  moved  at  greater  speed  and 
in  trains,  this  deposit  has  been  entirely  removed  from  the 
slopes  to  the  bottom  of  the  canal,  whence  it  can  readily 
be  taken  out  by  the  dredger, 
chuin-towtag.         In  Germany,  on  the  Elbe,  and  on  the  Willebroeck 
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Canal  in  Belgium,  the  system  of  steam- to  wing  by  sub- 
merged cable  has  been  successfully  used.  At  the  Elbe,  as 
early  as  1866,  chain  tugs  were  running  on  200  miles  of 
its  course,  and  in  1874  this  mode  of  traction  had  been 
so  increased  that  there  were  then  twenty-eight  tugs 
running  regularly  between  Hamburg  and  Aussig.^ 

Steam-power  is  even  more  important  as  connected  with  steam-towin 

on  rivet's. 

the  traffic  on  navigable  rivers,  but,  as  already  stated,  I  do 
not  propose  to  enter  upon  it,  but  must  refer  to  treatises 
on  Steam  Navigation  ;  I  shall  only  remark  that  while  it 
is  conducted  on  our  narrow  rivers  by  employing,  as  in 
the  case  of  the  Tees,  sometimes  as  many  as  three  tugs 
to  take  a  large  iron  steamer  of  3000  tons  from  the  ship- 
building yards  of  Stockton  to  the  sea,  in  America  the  pro- 
cess is  sometimes  reversed,  one  large  powerful  steamer 
being  employed  on  the  capacious  rivers  to  tow  a  whole  fleet 
of  vessels.  The  towing  of  vessels  on  the  Mississippi  and 
St.  Lawrence  has  been  brought  to  great  perfection.  I 
had  an  opportunity  of  witnessing  this  on  the  St.  Law- 
rence, having  passed  from  Quebec  to  Montreal  in  a  large 
powerful  tug-steamer,  carrying  goods  and  many  hundreds 
of  passengers,  and  having  no  fewer  than  five  sea-borne 
vessels  in  tow,  drawing  from  7  to  1 2  feet  of  water.  These 
vessels  were  all  towed  by  separate  warps,  and  were  ranged 
astern  of  each  other  in  two  lines,  three  of  them  being 
made  fast  to  the  port  and  two  to  the  starboard  side  of 
the  vessel.  The  management  of  a  large  steamer  with  so 
many  vessels  in  tow,  in   the   intricate   navigation   and 

'  Sir  Charles  Hartley  on  "Inland   Navigations   in    Europe,"    Engineering, 
vol.  xxxix.  p.  431. 
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strong  currents  of  the  St.  Lawrence,  required  no  small 
amount  of  skill ;  but  when  it  was  necessary  to  stop  the 
steamer  to  take  in  fuel,  the  captain  dropped  the  vessels 
astern  and  again  picked  them  up  on  resuming  his  coiu^e, 
with  a  dexterity  which  I  have  never  seen  equalled,  and 
we  made  the  passage  of  180  miles  in  forty  hours,  being  at 
the  rate  of  4  J  miles  an  hour,  against  a  current  averaging 
3  miles  per  hour. 


CHAPTER   II. 

SHIP   CANALS. 

Utility  of  Ship  Canals — Languedoc,  Forth  and  Clyde,  and  Crinan  Canals — Ship 
Canals  divided  into  four  classes  :  those  through  high  districts  of  country  ; 
through  low-lying  districts ;  those  without  locks,  deriving  their  water- 
supply  from  the  sea ;  and  those  through  estuaries — Caledonian  Canal — 
Canals  of  Xorth  Holland — Water  "Camels" — Amsterdam  Canal — Suez  Canal 
— St.  Petersburg  Canal. 

The  statement  at  the  beginning  of  the  last  chapter,  utijity  of  ship 
as  to  railways  having  so  far  superseded  canals,  appHes  to  *^*"''*^^' 
the  smaller  canals  we  have  been  considering,  but  is  not 
true  of  the  larger  class  of  works  still  to  be  noticed.  Ship 
canals  undisturbed  by  competing  schemes,  retain  all  their 
usefulness,  and  indeed  in  the  recent  construction  of  the 
Suez  and  New  Amsterdam  Canals  have  acquired  an 
importance  before  unclaimed  for  works  of  that  class — an 
importance  which  entitles  them  to  the  highest  considera- 
tion in  an  engineering  treatise  far  apart  from  their 
structural  interest  to  the  engineer.  Their  usefulness  in 
affording  a  short  and  sheltered  passage  for  sea-borne 
vessels,  enabling  them  to  escape  tedious  and  sometimes 
dangerous  coasting  voyages,  was  at  an  early  period  ac- 
knowledged, and  can  hardly  be  over-estimated. 

In  connection  with  this  the  following  figures  given  by 
an  underwriter  of  high  standing  will  be  interesting  '} — 

^  Contemporary  Review,  April  1885. 
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Comparison  of  Rates  of  Freight  by  Suez  Canal  and  by  the 
Cape  of  Good  Hope — October. 


Calcutta  to 
United  Kingdom 

Article. 

1881. 

1882. 

1883. 

1884. 

Fh,  Cape, 

Jute, 

66/ 

45/ 

37/6 

30/ 

Canal, 

M 

85/ 

37/6 

35/ 

31/3 

Cape, 

Wheat,    . 

62/6 

30/ 

25/ 

20/ 

Canal, 

)i 

71/3 

35/ 

26/3 

17/6 

Cape, 

Linseed, . 

,    67/6 

45/ 

37/6 

30/ 

Canal, 

>» 

... 

37/6 

35/ 

30/ 

Cape, 

Rapeseed, 

70/ 

47/6 

37/6 

30/ 

Canal, 

j> 

35/ 

40/ 

1 

37/6 

32/6 

The  Languedoc  Canal,  already  mentioned,  built  by 
Riquet,  by  a  short  passage  of  148  miles  saves  a  sea 
voyage  of  upwards  of  2000  miles  through  the  Straits  of 
Gibraltar.  The  Forth  and  Clyde  Canal,  projected  by 
Smeaton  in  1764,  and  opened  in  1790,  enables  sea-borne 
vessels,  not  exceeding  Sj  feet  draught  of  water,  to  pass 
from  opposite  coasts  of  Scotland  by  35  miles  of  inland 
navigation ;  and  the  Crinan  Canal  substitutes  a  short 
inland  route  of  9  miles  for  a  sea  voyage  round  the  Mull 
of  Kintyre  of  about  70  miles. 

To  most  of  the  early  ship  canals  that  have  been 
executed,  the  principles  of  construction  stated  in  the 
preceding  chapter  are  generally  applicable — the  depth  of 
water  and  the  dimensions  of  the  locks  being  increased  to 
admit  the  larger  size  of  craft  which  use  them, — and  there- 
fore I  do  not  propose  to  describe  them  further;  but  it 
would  not  do  to  dismiss  the  subject  without  refen-ing  in 
detail  to  some  of  the  largest  of  these  canals,  in  order  to 
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illustrate  the  different  character  of  work  employed  to  suit 
the  varied  physical  aspects  of  the  countries  through 
which  they  pass,  and  I  think  the  student  of  engineering 
will  find  that  the  works  themselves  are  so  interesting  as 
to  demand  special  notice. 

I  propose  to  divide  ship  canals  into  four  classes,  ofFom-ciasseaof 
each  01  which  an  example  will  be  given  : — 

First,  Canals,  which  on  their  route  from  sea  to  sea, 
ti-averee  high  districts,  surmounting  the  elevation  by  locks 
supplied  by  natural  lakes  or  artificial  reservoirs,  such  as 
the  Langiiedoc  or  Caledonian  Canals. 

Second,  Canals  in  low-lying  districts,  which  are  carried 
on  a  uniform  water-level  from  end  to  end,  and  are  defended 
against  the  inroad  of  the  sea  at  high- water  by  double-acting 
locks,  which  also  retain  the  canal-water  at  low  tide,  such 
as  the  canals  of  Holland  and  other  low-lying  countries. 

Third,  Canals,  of  which  the  Suez  is  an  example,  with- 
out locks  at  either  end,  and  communicating  freely  with 
the  sea  from  end  to  end,  and  from  which  it  derives  its 
water-supply. 

Fourth,  Dredged  channels  through  estuaries,  or  mari- 
time canals,  such  as  the  Clyde  below  Port-Glasgow,  the 
St.  Petersburg  Canal,  and  the  Lough  Foyle  navigation. 

Caledonian  Canal. 

The  Caledonian  Canal  in  Scotland  is  as  good  an 
example  of  t\iQjirst  class  as  can  be  selected. 

As  early  as  1773,  James  Watt  was  employed  to  survey 
the  country  between  the  Beauly  at  Inverness  and  Loch 
Eil,  at  the  mouth  of  the  river  Lochy — a  distance  of  about 
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60  miles, — with  the  view  to  the  formation  of  a  ship  canal 
between  the  two  seas,  to  save  about  400  miles  of  coasting 
voyage  by  the  north  of  Scotland,  through  the  stormy 
Pentland  Firth.  The  district  referred  to,  called  the 
"  Great  Caledonian  Glen,"  as  will  be  seen  from  Plate  I., 
embraces  a  chain  of  fresh- water  lakes,  which,  in  con- 
nection with  the  surrounding  glens,  have  afforded  an 
interesting  field  for  the  speculations  of  the  geologist ;  and 
no  doubt  the  first  conception  of  a  canal  through  the  dis- 
trict owed  its  origin  to  the  apparent  facilities  for  inland 
navigation  which  the  lakes  afforded.^  In  1801  Telford 
was  employed  by  Government  to  report,  and  the  ultimate 
result  of  that  report  was  the  construction  of  the  canal, 
which  was  opened  in  1823. 

The  summit-level  of  the  canal  is  at  Laggan,  wliich  is 
situated  between  Loch  Oich  and  Loch  Lochy,  and  from 
this  place  the  drainage  flows  to  the  eastern  and  western 
seas.  The  district  which  discharges  into  the  eastern  out- 
let comprehends  an  area  of  about  700  square  miles,  chiefly 
of  high  mountainous  country,  intersected  by  streams  and 
lakes,  which  discharge  themselves  into  Loch  Oich,  Loch 
Ness,  and  Loch  Doughfour,  and  thence  are  conveyed  into 
the  Moray  Firth  by  the  river  Ness. 

Loch  Oich,  the  summit-level  of  the  canal,  has  an  area 
of  about  2  squai-e  miles,  and  the  present  standard  level  of 
its  surface  is  understood  to  be  102  feet  above  the  level  of 
mean  high-water  of  neap  tides  in  Beauly  Firth.  It  re- 
ceives the  drainage  of  Loch  Quoich  and  Loch  Gai-ry.  The 
waters  of  Loch  Oich  are  discharged  througli   the  river 

*  Life  of  Trlfortl :  CaledoniAn  Canal. 
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Oich  into  Loch  Ness,  wliich  is  about  24  miles  in  length, 
and  has  an  area  of  about  30  square  miles.  lioch  Ness 
receives  the  watei's  of  the  Tai-ff,  the  Foyers,  and  Glen- 
moriston,  and  the  drainage  of  numerous  other  streams  and 
lakes  of  less  note.  It  discharges  its  watei's  through  a 
comparatively  narrow  neck,  called  Bona  Passage,  into  the 
small  loch  of  Doughfour,  from  whence  they  find  an  exit 
to  the  Beauly  and  Moray  Firths  by  the  river  Ness,  on 
which  the  town  and  harboiu*  of  Inverness  are  situated. 
The  drainage  of  the  western  district  of  the  country,  includ- 
ing Loch  Arkaig,  finds  its  way  into  Loch  Lochy,  which 
is  about  10  miles  long,  and  thence,  by  the  river  Lochy, 
to  the  western  sea  at  Loch  Eil. 

The  two  locks  in  Loch  Beauly,  at  the  northern  en- 
trance to  the  canal,  are  each  170  feet  long,  40  feet  wide, 
and  have  a  lift  of  about  8  feet.  At  Muirtown,  a  httle 
farther  on,  are  four  locks,  of  180  feet  in  length  and  40 
feet  in  width,  having  a  rise  of  32  feet,  raising  the  canal 
to  the  level  of  Loch  Ness,  which  it  enters  at  Bona.  The 
works  westward  of  Loch  Ness  consist  of  an  artificial  canal, 
with  seven  locks,  communicating  with  Loch  Oich.  Be- 
tween Lochs  Oich  and  Lochy  are  two  locks.  At  the 
south  end  of  Loch  Lochy  is  a  regulating  lock,  and  the 
canal  is  carried  from  this  point  on  the  level  of  Loch 
Lochy  to  Bannavie,  where  it  descends  64  feet,  by  eight 
connected  locks,  forming  what  is  called  in  the  country 
"Neptune's  Staircase;"  finally  at  Corpach,  the  canal 
descends,  by  two  locks,  to  the  level  of  Loch  Eil. 

Of  the  whole  distance,  about  37  J  miles  may  be  taken  as 
natural  lake  na%4gation,  and  the  remaining  23  as  artificial. 
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The  artificial  canals  were  made  120  feet  in  width  at 
top  water  level,  50  feet  at  bottom,  and  20  feet  in  depth. 
In  the  course  of  inquiries  as  to  the  state  of  the  canal  in 
1849,  under  a  remit  from  the  Admiralty,  I  found  that  the 
shallows  at  Loch  Oich,  and  the  cutting  at  the  summit- 
level,  had  not  been  carried  to  the  full  depth,  and  an  addi- 
tional depth  had  been  gained  at  that  place  by  raising  the 
level  of  Loch  Oich  ;  but  still  I  was  led  to  the  conclusion 
that  the  standard  depth  of  the  canal  cannot  be  regarded 
as  more  than  18  feet,  giving  access  to  vessels  of  160  feet 
in  length,  38  feet  beam,  and  17  feet  draught  of  water.  ^ 

In  carrying  out  this  remarkable  work  Telford  had  to 
deal  with  difficulties  of  no  ordinary  kind,  in  rendering  avail- 
able rugged  Highland  lakes,  and  sunnounting  the  summit- 
level  of  the  glen.  The  work,  which  cost  about  one  million 
sterling,  is  a  noble  monument  of  his  engineering  skill. 

Canals  of  North  Holland. 
The  canals  of  Holland  are  specimens  of  the  second 
class  of  works  to  which  I  referred,  and  of  these  a  very 
remarkable  one  is  the  North  Holland  Canal,  designed  by 
M.  Blanken,  and  completed  in  1825,  who,  instead  of 
the  Highland  glens  of  Scotland,  had  to  deal  with  the 
proverbial  lowness  of  the  country,  and  to  protect  his 
works  from  the  assaults  and  encroachments  of  the  waves, 
and  when  I  examined  the  work  they  were  locking  vessels 
domn  from  the  sea  into  the  canal.  It  extends  from 
Amsterdam  to  the  Helder,  is  50  miles  in  length,  and  is 

'  Kc)M)rt  on  the  CaIe<louian  Canal  to  the  Admiralty,  1849,  by  James  Vetch, 
R.K.,  and  David  Stevenson,  C.E. 
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formed  of  the  cross-section  shown  in  fig,  5.  It  enables 
vessels  trading  from  Amsterdam  to  avoid  the  islands  and 
sandbanks  of  the  dangerous  Zuider  Zee,  the  passage 
through  which,  in  former  times,  often  occupied  as  many 
weeks  as  the  transit  through  the  canal  now  occupies  hours. 
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Fig.  5. 
It  was  here  that  Bakker,  a  burgomaster  of  Amster-  Water "  Cameis.' 
dam,  in  1688,  introduced  his  "Camel"  for  floating  large 
vessels  over  the  shoals  of  the  Pampus  between  Amster- 
dam and  the  Texel  Roads,  by  means  of  which,  according 
to  Sir  John  Leslie,  an  Indiaman  which  drew   15  feet 
water  had  its  draught  reduced  to  1 1  feet.     The  following 
description  is  given  of  these  camels  by  Mr.  G.  B.  W. 
Jackson  :^ — "These  water  camels,  of  which  several  were 
kept  at  Pampus  on  the  Y  stream,  were  used  in  pairs 
whenever  they  were  required.     They  were  of  sufficient 
length  to  suit  the  largest  vessel,  being  each  provided 
with  a  rudder,  and  with  windlasses  on  the  outer  side,  to 
which  the  ropes  were  attached  for  securing  the  vessel. 
They  probably  had  31  ship's  pumps  of  6  inches  diameter 
for  clearing,  and  about  16  valves  for  letting  in  the  water 
used  to  sink  them.     The  complement  of  men  for  working 
them  was  about  50  to  each.     They  weighed  about  450 
tons,  drew  about  2  feet  3  inches  when  empty,  and  if 
weighted  mth  820  tons  about  7  feet  5  inches  more.    They 
have  been  broken  up,  as  being  no  longer  required." 

*  Minutes  of  Proceedings  of  IiutUution  ofCivU  EngineerSf  vol  vi  p.  82. 
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Amsterdam  Canal. 

But  the  North  Holland  Canal,  which  has  long  proved 
so  useful  to  the  commerce  of  the  district,  has  been  super- 
seded by  the  Amsterdam  Ship  Canal,  a  work  of  great 
magnitude,  which  I  propose  to  describe  as  an  illustration 
of  ship  canals  of  the  second  class,  having  received,  through 
the  kindness  of  Mr.  J.  C.  Hawkshaw,  the  following  inter- 
esting details  regarding  it : — 

The  rapid  increase  in  the  trade  of  the  ports  to  the 
southward  and  eastward  of  the  Helder,  efiPected  by  the 
construction  of  railways  throughout  Europe,  rendered  it 
imperative  for  the  merchants  of  Amsterdam  to  provide 
better  communication  with  the  North  Sea  than  that 
afforded  by  the  North  Holland  Ship  Canal,  already 
noticed,  or  suffer  its  trade  to  pass  to  other  ports  more 
favourably  situated  for  over-sea  traffic. 

In  1865  a  company  was  accordingly  formed  for  the 
purpose  of  constructing  a  canal  from  Amsterdam,  in 
nearly  a  direct  line,  to  the  North  Sea,  through  Lake  Y 
and  Wyker  Meer,  a  distance  of  16j  miles.  Sir  John 
Hawkshaw  and  Mr.  J.  Dirks  were  appointed  the  engineers 
to  carry  out  the  work,  a  plan  and  longitudinal  section  of 
which  is  given  in  Plate  II. 

The  harbour  in  which  the  canal  terminates  m  the 
North  Sea  is  formed  by  two  piers  built  of  concrete  blocks 
founded  on  a  deposit  of  rough  basalt.  The  piers  are  each 
1689  feet  in  length,  and  enclose  an  area  of  about  250 
acres,  through  the  centre  of  which  a  channel  738  feet  in 
width  is  dredged  to  a  depth  of  24  feet  74  inches;  the 
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remainder  is  to  be  left  at  the  present  depth  for  the 
accommodation  of  small  craft  and  fishing-boats.'  This 
dredging  was  chiefly  done  by  sand-pumps. 

From  its  commencement  at  the  harbour  the  canal 
passes  by  a  deep  cutting  through  a  broad  belt  of  sand- 
hills, which  protect  the  whole  of  this  part  of  the  coast  of 
Holland  from  the  inroads  of  the  sea.  The  cross-section 
of  the  canal  at  this  place  is  shown,  fig.  6.     This  cutting 
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is  about  3  miles  in  length  ;  the  greatest  depth  from  the 
ground  surface  to  the  bottom  of  the  canal  is  78  feet. 
On  emerging  from  the  sand-hills,  the  canal  passes  by  the 
village  of  Velsen,  in  the  neighbourhood  of  which  it  is 
crossed  by  the  railway  from  Haarlem  to  the  Helder, 
and  there  enters  the  Wyker  Meer,  a  large  tract  of  tide- 
covered  land.  After  traversing  the  Wyker  Meer  it 
passes  by  a  cutting  of  327,000  cubic  yards  through  the 
promontory  called  Buiten-hinsin,  which  separates  that 
Meer  from  Lake  Y,  another  large  tide-covered  area.  The 
rest  of  its  coui-se  lies  through  Lake  Y  as  far  as  Amsterdam. 
The  total  amount  of  excavation,  including  the  di-edging 
in  the  North  Sea,  to  form  the  harbour,  has  been  about 
21,000,000  cubic  yards. 

There  are  two  sets  of  locks,  one  set  at  either  end. 
The  North  Sea  locks  are  at  a  distance  of  about  three 
quarters  of  a  mile  from  the  North  Sea  harbour.     These 
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locks,  as  shown  in  fig.  7,  consist  of  three  passages.     The 
central  or  main  one  is  60  feet  wide  and  390  feet  long, 


Fio.  7. 

and  is  furnished  with  two  pairs  of  gates  at  each  end, 
pointing  in  opposite  directions,  and  one  pair  in  the  centre. 
The  one  to  the  south  is  227  feet  in  length  and  40  feet 
in  width,  with  five  pairs  of  gates,  and  the  northernmost 
passage  or  sluiceway  is  30  feet  long  and  34  feet  in  width, 
with  three  pairs  of  gates. 

In  constructing  the  canal,  the  cuttings  thi'ough  the 
sand-hills  were  first  begun.  The  material  proceeding 
from  these  cuttings  was  conveyed,  either  by  means  of 
waggons  or  barges,  and  deposited  so  as  to  form  two  banks 
443  feet  apart,  through  the  lakes  on  each  side  of  the  main 
canal,  as  shown  by  the  hard  lines  on  the  plan,  and  also 
to  form  the  banks  of  the  branch  canals  on  either  side. 
The  total  length  of  these   banks  is   384   miles.      The 
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nucleus  of  the  bank  was  formed  of  sand,  with  a  coating 
of  clay,  and  protected  diu-ing  its  progress  with  fascines  ; 
and  when  the  banks  were  far  enough  advanced,  the  deep 
channel  for  the  canal  was  excavated  by  bucket  dredgers, 
the  material  being  forced  through  wooden  pipes,  1 5  inches 
diameter,  floating  on  the  surface  of  the  water,  and  dis- 
charged on  the  banks.  The  cross-section  of  the  canal 
and  banks  through  these  meers  or  lakes  is  shown  in  fig.  8. 
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Fig.  8. 


The  formation  of  the  banks  through  the  Wyker  Meer 
and  Lake  Y  has  enabled  about  13,000  acres  of  the  area, 
as  shown  on  the  plan,  which  is  now  occupied  by  these 
lakes,  to  be  reclaimed.  For  the  purpose  of  this  reclama- 
tion, and  also  to  provide  for  the  drainage  of  the  land  on 
the  margin  of  the  lakes,  including  a  large  portion  of  what 
was  formerly  Haarlem  Meer,  pumps  are  provided  by  the 
Company  at  various  points  on  the  main  and  branch 
canals  to  pump  the  water  into  the  canal.  The  Canal 
Company  are  bound  to  keep  the  surface-water  of  the 
canal  about  1  foot  7 J  inches  helow  mean  tide  level  at  the 
North  Sea.  In  order  to  insure  this  level  being  main- 
tained, three  large  pumps  have  been  erected  in  connection 
with  the  locks  hereafter  to  be  described,  on  the  dam 
between  Amsterdam  and  the  Zuider  Zee.  They  consist 
of  three  Appold  pumps,  the  largest  of  the  kind  yet  made, 
the  fans  being  8  feet  in  diameter,  and  2  feet  1 1  inches  in 
depth.  Each  pump  is  worked  by  a  separate  engine  of 
90  nommal  horse-power.     The  maximum  lift  is  9  feet  9 
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inches,  at  which  the  three  pumps  are  capable  of  discharg- 
ing 1950  tons  a  minute ;  with  the  ordinary  working  lift  of 
3 J  feet  they  will  discharge  2700  tons  a  minute.  Pumps 
of  a  similar  construction,  with  fans  one  foot  less  in 
diameter,  erected  some  years  ago  under  Sir  John  Hawk- 
shaws  direction,  at  Lade  Bank,  in  Lincolnshire,  have 
been  found  to  work  satisfactorily. 

Lake  Y,  as  will  be  seen  from  the  plan,  extends  about 
4^  miles  to  the  eastward  of  Amsterdam ;  and  here  it  was 
necessary  to  form  a  dam  with  locks  for  the  passage  of 
vessels.  The  dam  crosses  Lake  Y  at  a  point  about 
2  miles  to  the  eastward  of  Amsterdam,  where  it  is  con- 
tracted to  4265  feet  in  width. 

As  it  was  necessary  to  construct  these  locks  before 
completing  the  dam  across  Lake  Y,  a  circular  cofferdam, 
538  feet  in  diameter,  consisting  of  two  rows  of  piles, 
49  feet  long,  with  a  space  6  feet  6  inches  between  filled 
with  puddle,  was  constructed  in  the  tideway,  and  within 
this  dam  the  locks  were  built. 

These  locks  have  three  main  passages,  each  with  five 
pairs  of  gates,  one  large  sluiceway,  and  one  smaller 
passage  with  three  pairs  of  gates,  arranged  much  in  the 
same  manner  as  the  North  Sea  locks,  shown  in  page  40, 
but  their  dimensions  are  not  so  large.  The  centml  main 
lock  has  a  length  of  315  feet,  and  is  60  feet  wide.  The 
locks  on  each  side  of  it  have  each  a  length  of  238  feet, 
and  are  47  feet  wide.  The  large  sluiceway  is  30  feet 
long  and  34  feet  wide.  The  three  sluiceways  for  the 
pumps  are  each  110  feet  long  and  13  feet  wide,  and  are 
each  provided  with  three  pairs  of  gates. 
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The  whole  of  the  masonry  and  brickwork  for  these 
locks  and  sluiceways  was  founded  on  bearing-pUes,  up- 
wards of  10,000  in  number. 

The  bottom,  where  the  cofferdam  was  placed,  consisted 
of  mud,  and  great  difficulty  was  experienced  in  maintain- 
ing it  till  the  work  was  completed. 

The  dam  across  Lake  Y,  as  shown  in  section,  fig.  9, 
is  4462  feet  in  length,  and  consists  of  clay  and  sand, 
placed  on  and  protected  at  the  sides  by  large  masses  of 
wicker-work,  which  is  afterwards  covered  with  basalt 
pitching  in  the  manner  usually  adopted  in  Holland. 
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Fig.  9. 

All  the  lock  gates  at  both  ends  of  the  canal  pointing 
seawards  are  of  malleable  iron ;  the  gates  pointing  in- 
wards towards  the  canal  are  of  wood. 

The  necessity,  for  drainage  purposes,  of  maintaining 
the  surface- water  of  the*  canal  at  the  prescribed  low  level 
calls  for  a  sufficient  barrier  being  provided  against  the  sea 
at  both  ends,  as  the  sea-level  is  not  unfrequently,  at  high 
water,  several  feet  above  the  level  of  the  canal. 

This  necessity,  as  well  as  the  difference  of  level  and 
periods  of  high  water  in  the  Zuider  Zee  and  the  North 
Sea,  required  a  totally  different  design  from  the  Suez 
Canal,  to  be  afterwards  described. 

The  cost  of  the  execution  of  the  Amsterdam  Canal  has 
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amounted  to  somewhat  under  £3,000,000,  and  the  sale 
of  the  reclaimed  land  realised  about  £70  per  acre.^ 

The  trade  of  Amsterdam  has  neai'ly  been  doubled  since 
the  canal  was  opened  in  1876. 

Suez  Canal. 
Of  the  third  class  of  works  there  exists  as  yet  only 
a  single  example,  in  the  Suez  Canal,  one  of  the  most  re- 
markable of  the  engineering  works  of  modern  times ;  but 
though  it  is  called  a  canal,  it  beai^s  little  resemblance 
to  the  works  I  have  been  describing  under  that  name, 
for  it  has  neither  locks,  gates,  reservoirs,  nor  pumping- 
engines,  nor  has  it,  indeed,  anything  in  common  with 
canals,  except  that  it  affords  a  short  route  for  sea-borne 
ships.  It  is  in  fact,  correctly  speaking,  an  artificial  arm 
of  the  sea,  or  strait  connecting  the  Mediterranean  and  the 
Red  Sea,  from  which  it  derives  its  water-supply. 
History  of  The  idea  of  fonning  this  connecting  link  is  of  very 

Suez  Caiml.  .^..  ,.,  ,.  ,  _.  , 

ancient  origm,  and  its  author  is  imknown.  It  is  under- 
stood, however,  that  a  water  communication  between  the 
two  seas,  for  small  vessels,  was  formed  as  early  as  600 
years  before  the  Christian  era,  and  existed  for  a  period 
of  about  1400  years,  after  which  it  was  allowed  to  fall 
into  disuse.  ITie  idea  of  restoring  this  ancient  com- 
munication on  a  scale  suited  to  modern  times  is  under- 
stood to  be  due  to  Napoleon  i. ,  who,  about  the  close  of  the 
last  century,  obtained  a  report  from  M.  Lep6re,  a  French 
engineer,  which  however  was  followed  by  no  result,  and 
it  remained  for  M.  de  Lesseps,  in  the  present  day,  to 

*  Ilftj  ter  on  the  "  Amstenlam  Ship  Canal,"  Minute*  of  Proceedtngt  Inal,  C.  K.^ 
vol.  Ixii. 
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realise  what  were  thought  the  dreams  of  commercial 
speculators,  by  caiTying  out  the  long-desired  passage 
between  the  two  seas.  But  the  postponement  of  the 
scheme  unquestionably  favoured  the  chances  of  its  com- 
mercial success,  for  had  the  canal  been  completed  even  a 
few  years  earlier,  comparatively  few  vessels  would  have 
been  found  to  take  advantage  of  it.  Sailing  vessels  would 
never  have  navigated  the  Mediterranean  and  encountered 
the  passage  through  the  canal,  and  the  tedious  and  diffi- 
cult voyage  of  the  Red  Sea.  They  would  undoubtedly 
have  preferred  to  round  the  free  seaway  of  the  Cape  of 
Good  Hope,  with  all  its  ocean  dangers  and  excitements, 
to  threading  their  way  through  such  an  inland  passage, 
involving  risks  of  rocks  and  shoals,  protracted  calms 
and  contmiy  winds.  But  the  introduction  of  ocean- 
going screw-steamers  was  an  entirely  new  feature  in 
navigation.  Being  independent  of  wind  for  their  pro- 
pidsion,  and  admirably  fitted  for  navigating  narrow  pas- 
sages and  seas,  their  rapid  and  general  adoption  by  all 
the  leading  shipping  firms  in  the  country  afforded  not 
only  a  plea,  but  a  necessity  for  the  short  communication 
by  the  Mediterranean  and  Red  Sea.  It  was  indeed 
a  great  achievement  to  reduce  the  distance  between 
Western  Europe  and  India  from  11,650  to  6515  miles, 
equal,  according  to  Admiral  Richards  and  Colonel  Clarke, 
R.E.,  to  a  saving  of  36  days  on  the  voyage  ;  and  this  is 
the  great  result  effected  by  cutting  the  Suez  Canal  be- 
tween the  Mediterranean  and  the  Red  Sea. 

Mr.  Bateman,  C.E.,  who  visited    the   canal   as   the 
representative  of  the  Royal  Society,  commimicated  to  that 
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body  an  interesting  description  of  the  works,  in  which  he 
gives  the  following  account  of  the  early  proposals  and 
negotiations  of  M.  Ferdinand  Lesseps,  who  has  the  credit 
of  having  brought  the  work  to  a  successful  issue  :  ^ — 
Lesseps-  «  Tjjg  project"  of  M.  Ferdinand  Lesseps  "was  to  cut 

scheme.  i      o  ^  r 

a  great  canal  on  the  level  of  the  two  seas,  by  the  nearest 
and  most  practicable  route,  which  lay  along  the  valley  or 
depression  containing  Lake  Manzaleh,  Lake  Ballah,  Lake 
Timsah,  and  the  Bitter  Lakes.  The  character  of  this 
route  was  well  described  in  1830  by  General  (then  Cap- 
tain) Chesney,  R.A.,  who  examined  and  drew  up  a  report 
on  the  country  between  the  Mediterranean  and  the  Red 
Sea.  At  that  time  a  difference  of  30  feet  between  the 
two  seas  was  still  assumed,  and  all  proposals  for  canals 
were  laid  out  on  that  assumption.  Allowance  must,  of 
course,  be  made  for  this  error  in  so  far  as  it  affected  any 
particular  project  of  canal ;  but  it  would  not  affect  the 
accuracy  of  any  general  description  of  the  district  to  be 
traversed.  General  Chesney  summed  up  his  report  by 
stating,  *  As  to  the  executive  part  there  is  but  one 
opinion  :  there  are  no  serious  difficulties ;  not  a  single 
mountain  intervenes,  scarcely  what  deserves  to  be  called 
a  hillock ;  and  in  a  countiy  where  labour  can  be  had 
without  limit,  and  at  a  rate  infinitely  below  that  of  any 
other  part  of  the  world,  the  expense  would  be  a  moderate 
one  for  a  single  nation,  and  scarcely  worth  dividing 
among  the  great  kingdoms  of  Europe,  who  would  all  be 
benefited  by  the  measure.' 

*'  M.  Lesseps  was  well  advised  therefore  in  the  route 

»  Proeeedmgn  of  the  Jtotfnl  Society,  1870,  p.  132. 
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he  selected,  and  (assuming  the  possibility  of  keeping  open 
the  canal)  in  the  character  of  the  project  he  proposed. 

"  From  1849  to  1854  he  was  occupied  in  maturing  his 
project  for  a  du-ect  canalisation  of  the  isthmus.  In  the 
latter  year  Mahomet  Said  Pasha  became  Viceroy  of 
Egypt,  and  sent  at  once  for  M.  Lesseps  to  consider  with 
him  the  propriety  of  carrying  out  the  work  he  had  in 
view.  The  result  of  this  interview  was,  that  on  the  30th 
of  November  in  the  same  year  a  commission  was  signed 
at  Cairo,  charging  M.  Lesseps  to  constitute  and  direct  a 
company  named  '  The  Universal  Suez  Canal  Company.' 
In  the  following  year,  1855,  M.  Lesseps,  acting  for  the 
Viceroy,  invited  a  number  of  gentlemen,  eminent  as 
directors  of  public  works,  as  engineers,  and  distinguished 
in  other  ways,  to  form  an  International  Commission  for  the 
purpose  of  considering  and  reporting  on  the  practicability 
of  forming  a  ship  canal  between  the  Mediterranean  and  the 
Ked  Sea.  This  Commission,  which  included  some  of  the 
ablest  civil  and  military  engineers  of  Europe,  was  honorary, 
and  its  members  were  considered  as  guests  of  the  Viceroy. 

"The  Commission  met  in  Egypt  in  December  1855 
and  January  1856,  and,  accompanied  by  M.  Lesseps  and 
by  Mougel  Bey  and  Linant  Bey,  engineers,  and  other 
gentlemen  in  the  sei*vice  of  the  Viceroy,  they  made  a 
careful  examination  of  the  harbours  in  the  two  seas,  and 
of  the  interv^ening  desert,  and  arrived  at  the  conclusion 
that  a  ship  canal  is  pmcticable  between  the  Gulf  of  Pelu- 
sium  in  the  Mediterranean  and  the  Red  Sea  near  Suez. 
They  differed,  however,  as  to  the  mode  in  which  such  a 
canal  should  be  constructed.    The  three  English  engineer- 
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ing  members  of  the  Commission  were  of  opinion  that  a 
ship  canal  having  its  surface  raised  25  feet  above  the  sea- 
level,  and  communicating  with  the  Bay  of  Pelusium  at 
one  end  and  the  Red  Sea  at  the  other,  by  means  of  locks, 
and  supplied  with  water  from  the  Nile,  was  the  best  mode 
of  construction.  The  foreign  members,  on  the  contraiy, 
held  that  a  canal  having  its  bottom  27  feet  beloio  sea- 
level,  from  sea  to  sea,  without  any  lock,  and  with  har- 
bours at  each  end,  was  the  best  system  :  the  hai'bours  to 
be  formed  by  piers  and  dredging  out  to  deep  water. 

"  The  Commission  met  at  Paris  in  June  1856,  when 
the  views  of  the  English  engineers  were,  after  full  dis- 
cussion, rejected,  and  the  report  to  the  Viceroy  recom- 
mended the  system  which  has  since  been  carried  out. 
The  Commission  estimated  the  work  to  cost  £8,000,000. 

"  Two  years  from  the  date  of  this  report  were  spent 
in  conferences  and  preliminary  steps  before  M.  Lesseps 
obtained  the  necessary  funds  for  canying  out  the  works. 
About  half  the  capital  was  subscribed  on  the  Continent, 
by  far  the  larger  portion  being  taken  in  France,  and  the 
other  half  was  found  by  the  Viceroy.  Further  time  was 
necessarily  lost  in  preparation,  and  it  was  not  till  near  the 
close  of  1860  that  the  work  was  actually  commenced.  .  .  . 

**  The  original  concession  granted  extraordhiary  privi- 
leges to  the  Company.  It  included  or  contemplated  the 
formation  of  a  *  sweet  water'  canal  for  the  use  of  the 
workmen  engaged,  and  the  Company  were  to  become  pro- 
prietors of  all  the  land  which  could  be  irrigated  by  means 
of  this  canal.  One  of  the  conditions  of  the  concession 
also  was  that  the  Viceroy  should  procure  forced  labour  for 
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the  execution  of  the  work  ;  and  soon  after  the  commence- 
ment of  operations,  and  for  some  time,  the  nmnber  of 
workmen  so  engaged  amounted  to  from  25,000  to  30,000. 
The  work  thus  commenced  steadily  proceeded  until  1862, 
when  the  late  Viceroy,  during  his  visit  to  this  country  at 
the  time  of  the  International  Exhibition,  requested  IVIr. 
Hawkshaw  to  visit  the  canal,  and  report  on  the  con- 
dition of  the  works  and  the  practicability  of  its  being 
successfully  completed  and  maintained.  His  Highness's 
instructions  were  that  Mr.  Hawkshaw  should  make  an 
examination  of  the  works  quite  independently  of  the 
French  company  and  their  engineers,  and  report,  from  his 
own  personal  examination  and  consideration,  the  result 
at  which  he  arrived.  If  his  report  were  favom-able  the 
work  would  be  proceeded  with,  if  unfavourable  it  would 
at  once  be  stopped. 

"  Mr.  Hawkshaw  proceeded  to  Egypt  upon  this  im- 
portant commission  in  November  of  the  same  year,  and  in 
February  1863  he  wrote  a  well-considered  report,  which 
may  be  said  to  have  in  a  great  measiu-e  contributed  to 
the  rapid  and  successful  completion  of  the  work.  Mr. 
Hawkshaw  described  the  works  of  the  canal  which  had 
been  ali-eady  executed  and  those  which  remained  at  that 
time  unfinished.  He  examined  and  discussed  the  dimen- 
sions of  the  various  parts  then  in  progress,  recommending 
various  alterations,  and,  having  carefully  gone  into  all  the 
details  of  construction,  he  proceeded  to  investigate  the 
question  of  maintenance,  with  reference  to  which  it  had 
been  urged  by  opponents — 

"  '  r.  That  the  canal  will  become  a  stagnant  ditch. 
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"  *  2°.  That  the  canal  will  silt  up,  or  that  the  moving 
sands  of  the  Desert  will  fill  it  up. 

"  '  3°.  That  the  Bitter  Lakes  through  which  the  canal 
is  to  pass  will  be  filled  up  with  salt. 

"  '4°.  That  the  navigation  of  the  Red  Sea  is  dangerous 
and  difficult. 

"  *  5°.  That  shipping  will  not  approach  Port  Said, 
because  of  the  difficulties  that  will  be  met  with,  and  the 
danger  of  that  port  on  a  lee  shore. 

"  '  6°.  That  it  will  be  difficult,  if  not  impracticable, 
to  keep  open  the  Mediterranean  entrance  to  the  canal.' 

"  Having  analysed  each  of  these  objections,  and  fully 
weighed  the  arguments  on  which  they  were  based,  he 
came  to  the  following  conclusions  as  to  the  practicability 
of  construction  and  maintenance  : — 

"  '  Is^  As  regards  the  engineering  construction,  there 
are  no  works  on  the  canal  presenting  on  their  face  any 
unusual  difficulty  of  execution,  and  there  are  no  con- 
tingencies that  I  can  conceive  likely  to  arise  that  would 
introduce  difficulties  insurmountable  by  engineering  skill. 

"  *  2dly.  As  regards  the  maintenance  of  the  canal,  I 
am  of  opinion  that  no  obstacles  would  be  met  with  that 
would  prevent  the  work,  when  completed,  being  main- 
tained with  ease  and  efficiency,  and  without  the  necessity 
of  incurring  any  extraordinary  or  unusual  yearly  expendi- 
ture.' 

"  The  whole  of  Mr.  Hawkshaw's  report  is  well  worthy 
of  perusal,  and  I  must  congratulate  him  on  the  sound 
conclusions  at  which  he  arrived,  and  on  the  foresight  by 
which  he  was  enabled  to  point  out  difficulties  and  contin- 
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gencies  which  have  since  arisen.  Could  he  at  that  time 
have  seen  the  full  realisation  of  the  work,  he  would 
scarcely  have  altered  the  report  he  wrote. 

"  Said  Pasha  died  between  the  period  of  Mr.  Hawk- 
shaw's  examination  of  the  country  and  the  date  of  his 
report.  He  was  succeeded  by  his  brother,  Ismail,  the 
present  Viceroy  or  Khedive,  who,  alarmed  at  the  largeness 
and  uncertainty  of  the  grants  to  the  Canal  Company,  of 
the  proprietorship  of  land  which  could  be  irrigated  by  the 
sweet-water  canal,  and  anxious  to  retire  from  the  obhga- 
tion  of  finding  forced  labour  for  the  construction  of  the 
works,  refused  to  ratify  or  agree  to  the  concessions 
granted  by  his  brother.  The  whole  question  was  referred 
to  the  arbitration  of  the  Emperor  of  the  French,  who 
kindly  undertook  the  task,  and  awarded  the  sum  of 
£3,800,000  to  be  paid  by  the  Viceroy  to  the  Canal  Com- 
pany as  indemnification  for  the  loss  they  would  sustain 
by  the  withdrawal  of  forced  or  native  labour,  for  the 
retrocession  of  large  grants  of  land,  and  for  the  abandon- 
ment of  other  privileges  attached  to  the  original  act  of 
concession.  This  money  was  applied  to  the  prosecution 
of  the  works. 

"  The  withdrawal  of  native  labour  involved  very  im- 
portant changes  in  the  mode  of  conducting  the  works,  and 
occasioned  at  the  time  considerable  delay.  Mechanical 
appliances  for  the  removal  of  the  material,  and  European 
skilled  labour,  had  to  be  substituted ;  these  had  to  be 
recruited  from  different  parts  of  Europe,  and  great  diffi- 
culty was  experienced  in  procuring  them.  The  accessory 
canals  had  to  be  widened  for  the  conveyance  of  larger 
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dredging-machines,  and  additional  dwellings  had  to  be 
provided  for  the  accommodation  of  European  labourers. 
All  these  difficulties  were  overcome,  and  the  work  pro- 
ceeded." 
Description  of         After   the   works    had    been   nearly   completed,  the 

Suez  Canal 

works.  Lords  of  the  Admiralty  instructed  Admiral  Richards,  the 

hydrographer,  and  Lieutenant- Colonel  Clarke,  R.E.,  to 
visit  Egypt,  and  report  as  to  the  condition  of  the  canal. 
These  officers  accordingly  made  a  most  minute  survey  of 
the  canal  and  its  terminal  harbours,  and  issued  a  most 
interesting  report,^  from  the   information  contained  in 
which  the  plan  of  the  canal,  Plate  III.,  has  been  mainly 
constructed.     On  referring  to  this  plan,  it  will  be  seen 
that  the  canal  extends  from  Port  Said  on  the  Mediter- 
ranean to  Suez  on  the  Red  Sea,  and  that,  as  shown  by 
the  section,   it   traverses  a  comparatively  flat  country. 
This  route  has  been  selected  so  as  to  take  advantage  of 
certain  valleys  or  depressions  which  are  called  lakes,  but 
were  in  fact,  previous  to  the  construction  of  the  canal, 
low-lying  tracts  of  country,  at  some  places  below  the 
level  of  the  Mediterranean  and  Red  Seas.     These  valleys 
were  found  to  be  coated  with  a  deep  deposit  of  salt,  and 
are  described  as  having  had  all  the  appearance  of  being 
covered  with  snow,  bearing  evidence  of  their  having  been 
at  one  period  overflowed  by  the  sea.     As  will  be  seen 
from  the  plan.  Lake  Menzaleh  is  next  to  the  Mediter- 
ranean, Lake  Timsah  about  half-way  across  the  isthmus, 
and  the  Bitter  Lakes  next  to  the  Red  Sea.    Lake  Tim- 

*  Report  on  the  Maritime  Canal  connecting  the  Mediterranean  at  Port  Said 
with  the  Red  Sea  at  Suez,  Febrnary  1870. 
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sah,  which  is  about  5  miles  long,  and  the  Bitter  Lakes 
about  23,  were  quite  dry  before  the  cutting  of  the  canal, 
and  the  water  which  has  converted  them  into  large  inland 
lakes  was  supplied  from  the  Red  Sea  and  Mediterranean. 
The  water  began  to  flow  from  the  Mediterranean  in 
February  1869,  and  from  the  Red  Sea  in  July,  and  by 
the  beginning  of  October  of  the  same  year  these  vast 
tracts  of  country,  which  had  formerly  been  parched  and 
arid  valleys,  were  converted  into  great  lakes,  navigated 
by  vessels  of  the  largest  class.  It  will  be  seen  from  the 
section  that  the  surface  of  the  ground  is  generally  very  low, 
the  chief  cuttings  being  at  S^rap^um  and  El  Guisr,  where 
the  sandy  dunes  attain  an  elevation  of  about  50  to  60 
feet.  The  channel  through  the  lakes  was  excavated  partly 
by  hand  labour  and  partly  by  dredging,  and  for  a  consider- 
able portion  the  level  of  the  valleys  was  such  as  to  afford 
sufficient  depth  without  resorting  to  excavation.  The 
material  excavated  appears  to  have  been  almost  entirely 
alluvial,  and  easily  removed ;  the  only  rock  was  met  with 
at  El  Guisr,  where  soft  gypsum  occurred,  removable  to  a 
considerable  extent  by  dredging,  so  that  the  canal  works 
may  be  regarded  as  having  presented  no  physical  difficulty. 

The  following  details  as  to  the  dimensions  of  the  work 
are  chiefly  supplied  from  the  Admiralty  report,  already 
referred  to. 

The  whole  length  of  the  navigation  is  88  geographical 
miles  ;  of  this  distance  66  miles  were  actual  canal,  formed 
by  cuttings,  14  miles  were  made  by  dredging  through  the 
lakes,  and  8  miles  required  no  works,  the  natural  depth 
being  equal  to  that  of  the  canal.     Throughout  its  whole 
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length  the  canal  was  intended  to  have  a  navigable  depth  of 
26  feet  for  a  width  of  72  feet  at  the  bottom,  and  to  have  a 
Avidth  at  the  top  varying  according  to  the  character  of  the 
cuttings.  At  these  places  where  the  cuttings  are  deep,  the 
slopes  were  intended  to  be  2  to  1,  with  a  surface  width  at 
the  water-line  of  about  197  feet,  as  shown  in  fig.  10,  which 

is  a  cross-section  at  El 
"■*  n7  r».___— ^_/^       Guisr;  in  the  less  ele- 

vated portions  of  the 
^'°-  ^^-  land,  where  the  stuff  is 

softer,  the  slopes  were  to  be  increased,  giving  a  surface 
width  of  325  feet.  Of  course  it  will  be  understood  that 
in  the  lakes  the  canal  consists  of  a  navigable  channel  of 
sufficient  breadth  and  depth  to  admit  the  traffic,  the  sur- 
face of  the  water  extending  on  either  side  to  the  edge  of 
the  lake.  Fig.  1 1  shows  a  cross- section  at  Lake  Menzaleh. 
At  the  date  of  the  Admiralty  inspection,  these  dimen- 
sions had  not  in  all 
•^   '  iiMMi^^^   ^  ^^^\       m^       respects   been    fully 

*"  "  '*■"*  attained,  the  depth  at 

Fio.  11,  ^ 

some  places  varying 
from  20  to  22  feet,  but  the  Admiralty  officers  reported 
that  the  deepening  of  the  shallows  is  in  progress,  and 
that  they  are  likely  soon  to  be  removed.  The  curves, 
they  also  report,  are  sharp,  requiring  great  care  and 
attention  in  piloting  vessels.  The  deep  channel  through 
the  lakes  is  marked  by  iron  beacons  on  either  side,  250 
feet  apart,  and  the  Admiralty  reporters  state  that  **  in 
practice  it  is  found  more  difficult  to  keep  in  the  centre 
while  passing  through  these  beacons,  than  it  is  when 
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between  the  embankments."  At  every  five  or  six  miles 
there  is  a  passing-place,  to  enable  large  vessels  to  moor  for 
the  night,  or  to  bring  up,  in  order  to  allow  others  to  pass. 

Perhaps  the  most  interesting  question  to  the  engineer  Action  of  tide* 
is  the  action  of  the  tide  between  the  two  seas,  and  the 
result  of  the  observ^ations  made  on  this  subject  are  given 
in  the  following  quotation  from  the  Admiralty  report : — 
"  The  tidal  observations  which  we  were  able  to  make 
were  necessarily  somewhat  imperfect  from  want  of  time, 
but  they  were  made  at  that  period  of  the  moon's  age 
when  their  effect  would  be  greatest ;  the   results  show 
that  in  the  southern  portion  of  the  canal,  between  Suez 
and  Great  Bitter  Lake,  the  tidal  influence  from  the  Red 
Sea  is  felt,  there  being  a  regular  flow  and  ebb  ;  the  flood 
running  in  for  about  seven  hours,  and  the  ebb  running 
out  for  five  hours ;  at  the  Suez  entrance,  the  rise  at 
springs,  unless  afiected  by  strong  winds,  is  between  5  and 
6  feet ;  about  half  way  from  Suez  to  the  Small  Bitter 
Lake,  a  distance  of  6  miles,  it  is  under  2  feet ;  at  the 
south  end  of  the  Small  Bitter  Lake,  a  few  inches  only ; 
while  at  the  south  end  of  the  Great  Lake  there  is  scarcely 
any  perceptible  tidal  influence.     We  were  informed  by 
the  authorities  at  Ismailia,  that  since  the  Great  Lake  has 
been  filled,  the  level  of  Lake  Timsah,  which  was  filled 
from    the   Mediterranean   in   April    1867,  has  risen   12 
centimetres,  or  about  4  inches ;  and  that  its  waters  are 
continually  running  at  a   slow  rate  into  the   Mediter- 
ranean ;  certainly  this  statement  agreed  with  what  we 
ourselves  remarked,  for  we  always  found  a  current  run- 
ning northward  from  Lake  Timsah  at  the  rate  of  from 
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half  a  mile  to  a  mile  an  hour.  Limited,  however,  as  these 
tidal  observations  were,  they  were  taken  with  great  care, 
and  appear  sufficient  to  show  that,  except  at  the  Suez  end, 
the  tides  will  not  materially  affect  the  passage  of  vessels  ; 
at  that  end,  therefore,  large  vessels  must  regulate  their 
time  of  passing  ;  indeed,  the  greatest  difficulty  which  will 
be  experienced  will  be  not  from  the  tides  but  from  the 
prevailing  north-east  wind  in  the  canal,  which  will  make 
close  steerage  difficult  in  going  from  north  to  south." 

It  thus  appears  that  the  tidal  range  of  5  feet  in  the 
Red  Sea  is  reduced  to  2  feet  at  the  distance  of  6  miles, 
and  is  practically  annihilated  by  the  wide  expanse  of  the 
Bitter  Lakes.  But  it  would  be  highly  interesting  to 
have  further  systematic  tidal  observations. 

In  executing  this  work  of  the  desert,  and  converting 
dry  sands  into  navigable  lakes,  it  is  stated  that  there  have 
been  about  ninety-eight  millions  of  cubic  yards  of  material 
excavated,  and  at  one  time  nearly  30,000  labourers  were 
employed  on  the  works.  For  their  use  a  supply  of  fresh 
water  was  conveyed  from  the  Nile  at  Cairo,  and  distri- 
buted along  the  whole  length  of  canal.  This  work  was 
one  of  no  small  magnitude.  The  fresh-water  conduit  is 
an  open  channel  from  Cairo  to  Ismailia,  and  thence  to 
Suez  the  water  is  conveyed  in  pipes.  The  surplus  fresh 
water  is  applied  to  the  irrigation  of  the  adjacent  country. 
The  cost  of  the  whole  undertaking,  including  the  harbours, 
is  stated  to  have  been  about  £20,000,000. 

The  terminal  harbours  are  important  adjuncts  of  this 
great  work.  That  on  the  Mediterranean  is  Port  Said, 
which  is  shown  on  Plate  III.     It  is  formed  by  two  break- 
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waters  constructed  of  concrete  blocks ;  the  western  one 
6940  feet  in  length,  and  the  eastern  6020  feet,  enclosing 
an  area  of  about  450  acres,  with  an  average  depth  of  only 
13  or  14  feet,  excepting  in  the  channel  leading  to  the 
canal,  where  the  depth  is  25  to  28  feet.  The  entrance 
to  the  canal  at  Suez  is  also  protected  by  a  breakwater, 
and,  in  connection  with  the  harbour  at  this  place,  there 
are  two  large  basins  and  a  dry  dock. 

The  canal  may  be  regarded  as  a  highway  for  steamers 
of  400  feet  in  length  and  50  feet  beam. 

Many  fears  were  expressed  as  to  the  feasibility  of 
maintaining  this  artificial  passage  at  a  remunerative 
expense  to  its  constructors,  on  account  of  the  liability  of 
its  being  silted  up  by  the  drift-sand  of  the  desert,  as  well 
as  that  brought  in  by  the  tidal  currents,  the  wasting  of 
the  soft  banks  by  the  passage  of  vessels,  and  the  difficulty 
of  obviating  the  silting  up  of  Port  Said  by  sand  carried 
through  the  open  work  of  which  the  breakwater  is 
formed,  and  deposited  in  the  area  of  the  harbour.  All 
these  fears  however  as  to  its  maintenance  have  proved 
groundless,  and  it  has  even  proved  a  conunercial  success. 

The  following  figures  as  to  the  traffic  and  receipts  are 
interesting : — 


1   Year.      No.  of  Vessels. 

Gross  Tonnage. 

Net  Tonnage. 

Receipts. 

1870               486 
1874  ■         1264 
1878 

I  1883  1         3307 

'            i 

435,911 
2,423,672 
3,291,535 
8,051,307 

436,609 
1,631,650 
2,269,678 
.5,775,861 

£206,373 
994,375 

2,740,933 
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The  cost  of  working  and  maintaining  the  canal  has 
been  nearly  constant  since  1870. 

The  traffic  of  the  year  1884  is  about  eighteen  times 
what  it  was  in  1870,  and  the  best  means  of  altering  the 
canal,  either  by  enlarging  the  present  canal  or  making  an 
entirely  new  cut  alongside,  to  accommodate  the  increasing 
traffic,  has  now  become  an  important  question  for  its 
owners. 

Such  works  as  the  ship  canals  we  have  been  describ- 
ing entirely  revolutionise  ocean  navigation,  and  conse- 
quently demand  the  zealous  attention  of  all  nations  whose 
interests  they  may  affect.  Of  this  zealous  watchfulness 
the  interest  taken  by  the  Powers  of  Europe  in  the 
distribution  of  the  property  in  the  Suez  Canal  may  be 
cited  as  an  example.  But  notwithstanding  the  difficulties, 
legal  and  political,  which  the  execution  of  such  works  are 
almost  sure  to  create,  by  severing  continents  before  united, 
and  connecting  seas  before  separated  by  thousands  of 
miles  of  exposed  navigation,  we  may  safely  conclude  that 
wherever  the  perils  and  delays  of  ocean  sailing  can  be 
lessened  by  forming  canals  these  valuable  helps  to  navi- 
gation will  at  aU  hazards  be  carried  out.  Viewing  then 
the  subject  prospectively y  we  offer  no  apology  for  noticing 
some  important  short-sea  passages,  which,  though  still 
unexecuted,  will  doubtless  in  some  form  be  eventually 
carried  out. 
Paiunu  c»i»«i.  The  idea  of  uniting  the  Pacific  and  Atlantic  Oceans 
by  means  of  a  canal  has  long  been  before  the  world,  but 
the  financial  success  of  such  an  undertaking  did  not  seem 
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possible  or  probable  until  the  Suez  Canal  was  opened  and 
the  pecuniary  results  of  the  traffic  made  known.  The 
Suez  Canal  seemed  so  successful  that  an  International 
Congress  was  held  in  Paris  in  May  1879  to  decide  upon  a 
project,  which  was  to  be  carried  out  by  a  public  company. 

The  routes  before  the  Congress  were — the  Nicaraguan 
Route,  C  D,  by  Lake  Nicaragua  and  the  San  Juan 
river  ;  it  was  180  miles  long,  and  had  twenty-one  locks 
— ^the  Panama  route,  E  F,  from  Colon  to  Panama ;  it  was 
47  miles  long  in  open  cutting,  with  only  one  tide  lock  — 
the  San  Bias  route,  which  is  the  shortest,  being  only  30 
miles  in  length,  with  no  locks,  but  has  a  tunnel  7  miles 
in  length,  and  has  a  bad  harbour  on  the  Pacific — the 
Atrato  route,  A  B,  up  the  river  Atrato  for  149  miles, 
and  then  a  canal  3 1  miles,  and  a  tunnel  of  5  J  miles,  with 
two  locks  and  a  tide  lock. 

The  Congress  rejected  the  San  Bias  route, — on 
account  of  the  tunnel  and  the  difficulty  of  obtaining  a 
good  harbour  on  the  Pacific, — the  Atrato  route  because 
of  its  length  and  the  difficulty  of  navigating  the  Atrato 
river  in  time  of  floods,  and  the  Nicaraguan  route  owing 
to  its  length  and  the  number  of  locks,  and  decided  on  the 
Panama  route  as  being  the  most  practicable.  At  the 
conclusion  of  the  Congress,  Sir  Ferdinand  de  Lesseps,  who 
had  advocated  the  Panama  scheme,  was  asked  to  be  the 
leader  of  the  enterprise,  and  in  1880  he  inspected  the 
route,  and  reported  favourably  upon  it,  as  regards  climate, 
materials,  and  labour. 

The  canal  which  is  now  in  course  of  construction  is 
46  miles  in  length,  and  is  to  be  an  open  cutting  through- 
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out.  Stai-ting  from  the  Bay  of  Limon  on  the  Atlantic 
side,  it  follows  the  river  Chagres  for  some  miles,  then 
enters  the  valley  of  the  Obispo,  and  passing  across  the 
Cordilleras  by  the  Culebra  Pass,  where  the  cutting  is  130 
feet  deep  and  9 J  miles  in  length,  it  enters  the  valley  of 
the  Rio  Grande,  and  joins  the  Pacific  nearly  opposite  the 
island  of  Perico.  The  canal  is  to  be  72  feet  in  width  at 
the  top,  except  in  deep  cutting,  and  the  depth  26  to  29j 
feet,  and  the  curves  are  about  1  mile  radius.  The  line  of 
the  Panama  Eailway,  which  the  canal  will  follow  approxi- 
mately tliroughout,  is  crossed  twice.  Twenty-eight  miles 
of  the  canal  are  in  clay,  but  the  rock  cutting  is  nearly 
half  of  the  total  cutting.  The  chief  difficulty  to  be 
encountered  is  the  floods  in  the  Chagres,  which  are  pro- 
posed to  be  dealt  with  by  a  large  collecting  reservoir. 
As  the  rise  of  tide  is  small  on  the  Atlantic  side,  only  7^ 
inches  to  19  inches,  and  on  the  Pacific  side  as  much  as 
from  8^  to  21 J  feet,  a  tide  lock  will  be  necessary  at  the 
Pacific  side.     The  canal  is  expected  to  cost  £33,000,000. 

For  further  particulars,  however,  as  to  the  details, 
progress,  and  history  of  the  various  routes,  the  reader  is 
refen-ed  to  lectures  delivered  at  the  School  of  Mihtary 
Engineering,  Chatham,  on  Canals,  by  David  Stevenson, 
and  to  the  Minutes  of  Institution  of  Civil  Engineers. 

One  of  the  projected  canals  is  designed  to  obviate  The  proposed 

.  /^      1        Panmben  Ship 

the  navigation  of  the  dangerous  strait  between  Ceylon  canai. 
and  the  mainland  of  India,  which  is  shaUow  and  narrow, 
and  in  some  states  of  the  wind  has  a  violent  current,  so 
that  it  can  only  be  na\4gated  by  vessels  of  small  draught. 
Ships  of  the  larger  class  have  to  circumnavigate  Ceylon 
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in  making  their  passages  to  the  eastern  section  of  Hin- 
dustan and  the  importance  of  avoiding  this  detour  round 
Ceylon  of  350  miles  of  exposed  navigation  in  the  direct 
Suez  route  to  Calcutta  and  Madras  will  be  readily 
acknowledged,  and  the  execution  of  the  work  cannot 
long  be  delayed. 

The  strait  to  which  we  allude  is  the  Paumben  passage 
leading  from  the  Gulf  of  Manaar  on  the  west  to  Palk 
bay  on  the  east,  as  shown  in  fig.  13,  and  many  attempts 
have  been  made  by  blasting  to  clear  away  the  rocky 
obstructions  that  at  present  render  its  navigation  danger- 
ous. But  in  order  to  provide  a  safe  passage  of  the  strait 
between  Ceylon  and  India  for  the  ships  which  now  navi- 
gate the  Suez  Canal,  nothing  will  suffice  but  a  canal 
aifording  the  same  depth  and  width,  though  very  much 
shorter  in  length  than  its  great  pioneer  in  shortening 
ocean  sailing ;  and  accordingly  surveys  have  been  made 
and  schemes  have  been  proposed  to  effect  this  important 
improvement.  Mr.  George  Robertson,  of  Edinburgh, 
when  inspecting  the  harbours  of  India,  was  asked  by  the 
British  Government  to  visit  the  locality  and  report  on 
these  schemes  ;  and  from  his  Report  on  Indian  Harbours 
we  find  that  the  site  he  selected  as  most  suitable  is 
through  the  island  of  Ramaseram,  about  a  mile  east  from 
Paumben  Hghthouse.  The  distance  across  from  sea  to  sea 
is  about  2  miles,  the  ground  being  a  flat  sandy  plain, 
raised  on  an  average  about  7  feet  above  high-water,  and 
from  the  borings  that  have  been  made  it  is  not  expected 
that  much  rock  wiU  be  found  in  the  course  of  the  canal. 
In  order  to  assimilate  it  to  the  Suez  Canal,  the  navigable 
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depth  should  if  possible  be  about  26  feet.  On  the  north 
side  the  distance  from  high- water  mark  to  30  feet  at 
low-water  is,  according  to  a  chart  by  the  Surveyor- 
General  at  Colombo,  upwards  of  a  mile ;  on  the  south 
side  the  distance  to  the  same  depth  is  still  greater,  so 
that  very  considerable  works  of  dredging  will  be  neces- 
sary in  forming  and  afterwards  maintaining  the  entrances 
to  the  canal.  The  south  end  of  the  canal  is  under 
shelter  of  a  coral  reef,  but  the  north  end  may  perhaps 
require  to  be  protected  by  breakwaters.  The  cost  of 
cutting  the  canal  has  been  named  at  £440,000. 
Corinth  Canal.  The  Only  Other  ship  canal  from  sea  to  sea  which  we 
shall  mention  (although  there  are  many  projected)  is  the 
Corinth  Canal,  commenced  in  1882.  It  is  4  miles  in 
length,  and  72  feet  in  breadth,  and  26  feet  in  depth. 
There  wUl  be  11,000,000  cubic  yards  of  cutting,  the 
deepest  being  125  feet.  It  is  estimated  to  cost  more 
than  £1,000,000. 

St.  Petersburg  As  an  example  of  the  fourth  class  of  canal  may  be 
given  the  St.  Petersburg  Canal,  which  passes  for  10 
miles  through  the  Gulf  of  Finland,  but  many  other 
examples  will  be  afterwards  described  under  the  Tidal 
and  Sea  proper  Compartments  of  Rivers. 

The  St.  Petersburg  Ship  Canal,  which  was  opened 
in  May  1885,  permits  ships  of  large  draught  to  pass 
direct  to  St.  Petersburg,  which  formerly  they  could  not 
do  on  account  of  the  bar  of  the  Neva,  goods  having  to 
be  put  into  barges  at  Cronstadt,  which  were  either  poled 
or  tugged  up  to  St.  Petersburg,  occasioning  great  loss  of 
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time  ^nd  heavy  freights.  The  canal  was  conceived  by 
Peter  the  Great,  but  it  was  not  till  1874  that  a  design 
by  Pontiloff  was  finally  sanctioned  by  the  Emperor,  and 
in  1878  the  work  was  commenced. 

The  canal  is  18  miles  in  length,  and  is  207  feet  in 
width  at  the  bottom  for  the  first  part  of  its  course,  and 
then  275  feet.  Its  depth  throughout  is  22  feet.  For 
about  1 0  miles  of  its  course  there  are  no  banks,  the  canal 
being  simply  a  channel  dredged  through  the  Gulf  of  Fin- 
land, which  is  about  12  to  15  feet  in  depth.  The  em- 
bankments are  partly  made  of  the  excavated  material 
held  in  by  sheet  pihng  and  pitched  above  the  low-water 
line.  In  the  deeper  portions  the  embankments  were 
formed  by  two  lines  of  wooden  caissons  filled  and  sunk 
by  the  excavations.  The  work,  it  is  supposed,  will  have 
cost  fuUy  1^  million  pounds.^ 

*  Hartley  On  Inland  NavigatioM  in  Europe,  p.  15. 
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CHAPTER   III. 

THE   COMPARTMENTS   OP   RIVERS   DEFINED. 

Compartments  of  rivers — Their  physical  characteristics  described — Example  of 
Dornoch  Firth — Boundaries  of  compartments  not  always  distinct — Different 
compartments  require  distinct  engineering  works  for  their  improvement. 

Difference        Canal  navigation  is  entirely  artificial  in  its  character. 

and  River        In  this  rcspcct  it  differs  from  river  navigation,  which  may 

naviga  ion.  ^^  described  as  the  art  of  using,  for  the  purposes  of  inland 
communication,  rivers  flowing  in  their  natural  counses, 
and  of  applying  means  to  render  them  subservient  to  the 
purposes  of  navigation  in  cases  where  the  depth  is  limited, 
or  where  rapid  currents  exist.  Our  consideration  of  rivers 
must  therefore  necessarily  comprehend  a  general  sketch 
of  their  physical  characteristics,  and  the  laws  of  their 
motion,  as  a  necessary  introduction  to  the  practical  paii:. 
of  the  subject,  which  deals  with  the  engineering  works 
required  for  their  improvement. 

The  compart-  As  introductory,  therefore,  to  the  remarks  which  are 

meuta  described  ,/«n  •.  i«iii  •  i  mii 

as  occurring  ^^  tollow,  it  seems  desirable  to  premise,  as  described  by 
me  in  1845,  in  a  communication  to  the  Royal  Society  of 
Edinburgh,^  that  in  all  rivers  affected  by  tidal  influence, 
two  physical  boundaries,  more  or  less  apparent,  according 
to  circumstances  to  be  afterwards  noticed,  are  invai'iably 

'  Proceedinga  of  the  JRoyal  Society  of  Eklinhirgh,  vol.  ii.  p.  20. 
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found  to  exist,  caused  by  the  influx  of  the  tidal  wave 
through  firths  or  bays,  and  the  modification  it  receives 
in  its  passage  up  the  gradually  rising  inclination  or 
slope  of  a  river's  bed.  These  two  boundaries  produce 
three  compartments.^  The  seaward,  or  lowest  of  these,  I 
termed  the  "  sea  proper ;"  the  next,  or  intermediate  one, 
into  which  the  sea  ascends,  and  from  which  it  again  with- 
draws itself,  I  termed  the  "  tidal  compartment  of  the 
river;''  and  the  highest,  or  that  which  is  above  the  in- 
fluence of  the  tide,  the  "  river  proper''  Their  relative 
extent  in  difierent  situations  is  influenced  not  only  by 
the  circumstances  under  which  the  great  tidal  wave  of 
the  ocean  enters  the  river,  but  by  the  size  of  the  stream, 
the  configuration  and  the  slope  of  the  bed,  and,  in 
short,  by  eveiy  natural  or  artificial  obstruction  which  is 
presented  to  the  free  passage  of  the  tide  up  the  river 
channel. 

These  three  compartments  possess  very  diflerent  phy-  Their  physical 
sical  characteristics.  The  presence  of  unimpaired  tidal 
phenomena  in  the  lowest,  the  modified  flow  of  the  tide, 
produced  by  the  inclination  of  the  river's  bed  in  the 
intermediate,  and  the  absence  of  cdl  tidal  influence  in 
the  highest  compartment,  may  be  shortly  stated  as  the 
phenomena  by  which  these  spaces  are  to  be  recognised. 
The  tides  in  the  "  sea  proper"  compartment  of  an  estuary, 
for  example  (although  the  place  of  observation  be  several 
mil6s  embayed  from  what  in  strictness  could  be  called 
the  "  sea  "  or  "  ocean  "),  will  be  found  to  resemble  those 

'  Lord  Cockburn,   in  addressing  a  jury  in   18.37,   appears  to  have  stated 
similar  bonndaries. 
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of  the  adjoining  sea  with  which  it  communicates, — First, 
in  the  identity  of  the  levels  of  low  water,  or  in  never 
falling  short  of  the  level  of  low  water  at  sea ;  second,  in 
the  shortness  of  the  time  which  elapses  between  the 
cessation  of  ebbing  and  the  commencement  of  flowing,  or, 
in  other  words,  the  absence  of  any  protracted  peiiod  of 
low  water,  during  which  the  surface  appears  to  remain 
stationary  at  the  same  level ;  third,  in  the  symmetrical 
form  of  the  curve  traced  by  the  passage  of  the  tidal 
wave ;  and  fourth,  in  the  range  of  tide,  so  far  as  that  is 
not  influenced  by  the  formation  of  the  shores  in  narrow 
Rise  on  low      scas  or  channels.     In  ascending  into  the  tidal  compart- 

viratp]*  IavpI    ill 

tidal  compart  ment,  howcver,  the  level  of  the  low  water  is  no  longer 
the  same,  but  is  higher ;  the  range  of  tide,  excepting  in 
peculiar  cases,  becomes  less,  and  is  gradually  decreased 
as  the  bed  of  the  river  rises,  and  at  length  a  point  is 
reached  where  the  range  of  the  tide  is  not  perceptible. 
In  this  intermediate  section  the  phenomena  of  ebbing  and 
flowing  are  still  found  to  take  place,  but  the  times  of  ebb 
and  flow  do  not  remain  equal,  that  of  ebb  gradually  gain- 
ing the  ascendency,  and  in  some  cases  never  entirely 
ceasing,  though  the  level  of  the  river  be  rising.  The 
duration  of  low  water  is  also  gradually  protracted  as  we 
proceed  upwards,  until  the  influence  of  tide  is  unknown. 
This  forms  the  boundary-line  of  the  upper  compartment, 
the  characteristic  of  which  is  the  total  absence  of  ebbing 
and  flowing;  the  river  at  all  times  pursuing  its  down- 
ward course  in  an  uninterrupted  stream,  and  at  an  un- 
varying level,  except  in  so  far  as  may  result  from  the 
changes  due  to  land  floods. 
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In  the  investigation  of  these  different  chai-acteristics, 
the  variable  nature  of  the  elements  to  be  dealt  with  must 
be  kept  in  view.  The  river,  for  example,  is  liable  to  be 
affected  by  floods,  and  the  state  of  the  tides  by  winds, 
and  other  causes ;  and  therefore  a  great  degree  of  preci- 
sion in  defining  these  spaces  cannot  in  all  cases  be  ex- 
pected. But  the  termination  of  the  low- water  level  at 
the  separation  of  the  seaward  and  intermediate  spaces  as 
laid  down  by  marine  surveyors,  simply  from  observation 
of  the  tidal  phenomena,  has  in  several  situations  been 
found  to  agi'ee  exactly  with  the  position  of  that  boundary 
as  determined  by  engineers  by  means  of  accui*ate  level- 
ling, combined  with  careful  tidal  observations. 

An  example  in  actual  practice  will  best  illustrate  what  -ndai  pheno- 
is  meant,  and  for  this  purpose  I  shall  refer  to  the  investi-  Domoch  Firth, 
gation  of  the  tidal  phenomena  of  the  Firth  of  Domoch 
and  Kyles  of  Sutherland  m  Cromartyshire,  made  by  me 
in  1842.  By  referring  to  the  small  chart  of  the  Dornoch 
Firth  in  Plate  IV.  the  reader  wiU  be  better  able  to  fol- 
low the  illustrations  to  be  given.  The  harbour  of  Port- 
mahomac,  marked  A  on  the  chart,  about  3  miles  from 
Tarbetness  Lighthouse,  was  selected  as  the  place  at  which 
to  observe  the  ocean  or  sea  tvave.  The  second  station  at 
wliich  it  was  found  convenient  to  institute  observations 
was  within  the  Firth  at  Meikleferry,  marked  B,  about 
3  miles  above  the  town  of  Tain,  and  1 1  nules  distant  from 
Portmahomac.  The  third  station  was  at  Bonar  Quarry, 
marked  C,  situated  on  the  north  shore  of  the  Firth,  and 
8  miles  inland  from  Meikleferry ;  and  the  fourth  station 
was  at  Bonar  Bridge,  marked  D,  one  mile  from  the  Bonar 
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Quarry.  Beyond  Bonar  Bridge  the  observations  were 
also  extended  as  far  as  the  junction  of  the  rivers  Oykell 
and  Cassley,  marked  E,  a  distance  of  1 2 J  miles ;  so  that ' 
the  whole  distance  embraced  in  the  investigation  was  33^ 
miles.  Graduated  tide-gauges  were  fixed  at  Portma- 
homac,  Meikleferry,  Bonar  Quarry,  and  Bonar  Bridge ; 
and  by  means  of  two  distinct  sets  of  levelling  observa- 
tions, the  heights  of  the  zeros  of  these  gauges,  in  relation 
to  each  other,  were  accurately  determined,  so  that  all  the 
tidal  observations  made  at  them  could  be  reduced  to  the 
Low-water  Hue  samo  datUTKi  liuo.     The  result  of  the  tide  observations 

practically  level 

from  Portma-  was,  that  thc  loiv  ivater  of  each  tide  is,  practically  speak- 
Bonar  Quarry.  Ing,  OH  the  satiie  Icvcl  at  Pwtmahomcu),  Meikleferry,  and 
Bonar  Quarry.  I  use  the  word  practically,  because  the 
level  of  the  sea  is  more  or  less  aflfected  by  every  breeze 
of  wind,  which  necessarily  must  j:)e?i  up  and  elevate  some 
portions  of  its  surface,  and  cause  coiTCsponding  depres- 
sion at  other  places,  so  that  an  unvarying  low-water  level 
will  not  be  found  to  exist  throughout  a  series  of  tides  on 
any  part  even  of  the  ocean  itself,  however  limited  the 
number  of  low  watere  embraced  may  be.  Accordingly, 
deviations  of  a  few  inches  from  the  true  level  occasion- 
ally occurred  in  the  observations  made  at  the  Dornoch 
Firth ;  but  these  were  not  of  greater  extent  than  could 
reasonably  be  traced  to  the  eifect  of  wind,  and  were 
found  to  vary,  not  only  in  their  amount,  but  also  in  their 
value,  being  at  the  same  gauges  sometimes  phis  and 
sometimes  minus  quantities,  causing  corresponding  varia- 
tions in  the  results  deduced  from  the  diflerent  series  of 
tidal  observations  that  were  made.    Some  of  these  showed 
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the  low  water  within  a  fraction  of  an  inch  of  being  level ; 
while  others  gave  a  notable  elevation  at  some  of  the  sta- 
tions; and  others,  again,  gave  a  depression  below  the 
level  line  at  the  very  stations  where  previously  there  had 
been  a  rise. 

To  illustrate  this  more  fully,  I  shall  give  a  few  ex- 
amples :  Thus,  on  the  23d  of  June  (on  which  day  the 
weather  happened  to  be  very  calm),  the  level  of  low  water 
at  Meikleferry  was  three-quarters  of  an  inch  above  that  at 
Portmahomac;  and  on  the  next  day,  the  wind  blowing 
fresh  from  the  S.E.,  the  level  of  low  water  at  Meikleferry 
was  3f  inches  above  that  at  Portmahomac.  Again,  a  suc- 
ceeding observation  gave  the  level  of  Meikleferry  three- 
quarters  of  an  inch  below  Portmahomac.  In  the  same 
way,  and  in  similar  small  degrees,  the  level  between  the 
low  water  at  Bonar  Quarry  tide-gauge  and  at  Portma- 
homac was  found  to  vary.  The  average  of  all  the  obser- 
vations made  gave  the  level  of  low  water  at  Meikleferry 
2 '2  inches  above  that  at  Portmahomac,  and  the  level  of 
low  water  at  Bonar  Quarry  I'l  inch  below  the  low  water 
at  Portmahomac.  Whether  these  average  differences  of 
level  be  traceable  to  the  effects  of  prevailing  winds,  which 
may  be  supposed  to  have  exerted  a  greater  influence  on 
the  water  at  the  more  exposed  stations,  or  to  any  in- 
accuracy in  the  levels,  must  evidently,  from  the  examples 
given  of  the  extent  and  nature  of  the  daily  deviations,  be 
a  point  which  we  cannot  determine ;  but  the  result  of 
a  lengthened  train  of  observations,  notwithstanding  the 
average  difference  above  stated,  may  fau'ly  be  held  to  be, 
that  the  low  water  of  each  tide  is  practically  on  the  same 
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level  at  Portmahomac,  Meikleferry,  and  Bonar  Quari*y ; 
and    therefore    that    the    low- water   levels,   throughout 
the  whole  extent  of  the  firth,  correspond  with  those  of 
the  sea. 
Low  water  rises        But  wheu  the  results  of  the  observations  at  Bonar 

from  Quarry  to  i«ii  jj.xl. 

Bonar  Bridge.  Bridge  come  to  be  compared  with  those  made  at  the 
station  immediately  seaward  of  it,  a  very  marked  differ- 
ence presents  itself ;  for,  while  the  low- water  line  is  found 
to  be  practically  level  from  Portmahomac  to  Bonar 
QuaiTy,  a  distance  of  20  miles,  throughout  a  narrow  firth, 
varying  from  1^  mile  to  550  feet  in  breadth  at  low  water, 
we  find  that  between  the  Quarry  and  Bonar  Bridge,  a 
distance  of  only  1  mile,  there  is  a  rise  in  the  low- water 
line  of  spring-tides  of  no  less  than  6  feet  6  inches.  It 
was  therefore  concluded  that,  in  the  Dornoch  Firth,  the 
point  at  which  the  low- water  level  of  spring-tides  met  the 
descending  current  of  fresh  water  lay  somewhere  between 
the  Quarry  and  Bonar  Bridge.  A  different  series  of 
observations  was  made  to  ascertain  the  exact  point  at 
which  this  junction  takes  place,  and  the  result  of  these 
observations  was,  that  at  low  water  of  an  ordinary  spring- 
tide, rising  14  feet  at  Meikleferry,  the  low-water  level  of 
the  sea  meets  or  intersects  the  descending  fresh-water 
stream  from  the  Kyle  of  Sutherland,  at  a  point  1700 
yards  below  Bonar  Bridge,  or  nearly  opposite  Kincardine 
Church,  and  within  60  yards  of  the  Quarry  station.  Be- 
tween this  point  and  the  Bridge,  a  distance  of  1700  yards, 
there  is  a  rise  of  6  feet  6  inches,  giving  an  average  slope 
on  the  surface  of  the  river  of  1  in  784,  or  67  feet  per 
mile. 
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In  addition  to  the  uniformity  or  identity  in  the  level 
of  low  water,  it  was  further  found  that  the  tidal  pheno- 
mena of  the  firth  corresponded  to  that  of  the  adjoining 
sea,  in  the  curve  traced  by  the  passage  of  the  tidal 
wave,  as  deduced  from  observations  made  at  the  different 
stations  on  the  rise  and  fall  of  the  tide-level  between  the 
periods  of  low  and  high  water.  During  the  period 
between  each  low  water  or  high  water  the  level  of  the 
surface  was  ever  varying,  there  being  no  lengthened 
cessation  of  ebbing  and  flowing,  the  tide-wave  being 
fully  developed  at  the  whole  of  the  stations  up  to  Bonar 
QuaiTy.     The  height  and  range  of  tide  was  indeed  in-  Estnary  aflrect- 

.  ing  level  of  high 

creased  m  the  inner  part  of  the  fii*th  to  the  extent  of  9  water  by  rais- 
inches  at  Meikleferry,  and  12  inches  at  Bonar  Quarry; 
that  is,  on  a  day  when  the  range  of  tide  was  12  feet  8 
inches  at  Portmahomac,  it  was  13  feet  5  inches  at  Meikle- 
ferry, and  13  feet  8  inches  at  Bonar  Quarry. 

But  if  we  inquire  into  the  tides  at  Bonar  Bridge,  we  Range  of  tide  at 
find  that  they  do  not  correspond  with  those  of  the  adjoin- 
ing sea  or  of  the  firth ;  for,  taking  the  tide  to  which  we 
have  already  alluded,  which  rose  13  feet  8  inches  at 
Bonar  Quarry,  it  was  found  on  the  same  day  to  rise  only 
6  feet  10  inches  at  Bonar  Bridge ;  the  difference  between 
the  two  results  being  occasioned  by  the  rise  on  the  low- 
water  line  of  the  channel  between  these  two  places.  The 
tide  on  the  particular  day  alluded  to  rose  6  feet  10  inches 
at  Bonar  Quarry  before  it  affected  the  gauge  at  Bonar 
Bridge,  when  it  began  to  rise  at  that  place  also,  and  after- 
wards continued  to  flow  nearly  uniformly  at  both  places. 
Fig.  14  is  a  diagram  illustrative  of  the  form  of  the  tide- 


Bonar  Bridge. 
Meikleferrj'. 
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wave  at  Meikleferry  and  Bonar  Bridge :   the  hard  line 
represents  the  curve  formed  by  the  passage  of  the  tidal 


Fig.  14. 

wave  at  Meikleferry,  and  the  dotted  line  shows  that  at 
Bonar  Bridge.  In  both  cases  the  vertical  represents  the 
rise  of  tide,  and  the  horizontal  distances  the  elapsed  time. 
From  this  diagram  it  will  be  seen,  that  while  the  tide  at 
Meikleferry  is  symmetrical,  and  presents  a  constantly 
rising  or  falling  outline,  the  tide  at  Bonar  Bridge  repre- 
sents a  long  period,  extending  on  some  occasions  by 
actual  observation  to  several  hours  at  low  water,  nearly 
unaffected  by  tidal  influence,  during  which  period  the 
water  stood  almost  at  the  same  level.  The  tidal  water 
admitted  into  the  upper  part  of  the  estuary  above  Bonar 
Bridge  took  a  considerable  time  to  drain  off  through  the 
narrow  water-way  at  that  place,  and  hence  the  water  did 
not  attain  a  permanent  low- water  level,  even  long  after 
the  tide  had  ceased  to  operate  in  affecting  its  surface. 
The  observations  made  to  ascertain  how  far  the  tidal  in- 
fluence extended  up  the  Kyles  of  Sutherland  were  con- 
ducted with  the  same  care,  and  proved  that  the  highest 
point  influenced  by  the  tide  was  at  the  junction  of  the 
rivers  Oykell  and  Cassley,  12^  miles  above  Bonar  Bridge. 
In  stating,  however,  that  the  low  watera  at  Portmahomac, 
Meikleferi-y,  and  Bonar  Bridge  are  on  the  same  level,  the 
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reader  must  not  infer  that  the  surface  of  the  water 
throughout  the  firth  presents  at  any  period  a  level  plane. 
Although  the  low  waters  are  identical  as  regards  level, 
the  times  of  low  water  are  not  the  same.  On  the  con- 
trary, the  time  of  low  water  at  Meikleferry  was  some- 
times found  to  be  50  minutes  later  than  at  Portmahomac, 
and  that  at  Bonar  Quarry  50  minutes  later  than  at 
Meikleferry,  so  that  when  the  water  had  attained  its 
lowest  level  at  Bonar  Quarry  it  had  been  rising  for  1  hour 
and  40  minutes  at  Portmahomac ;  there  is,  therefore,  at 
no  period  a  level  plane  extending  throughout  the  firth, 
but  what  may  be  termed  a  constantly  undulating  surface. 
This  will  be  better  understood  when  we  come  to  treat  of 
tide  observations,  and  to  show  theii'  results  as  obtained 
on  different  rivers. 

A  further  test  of  the  "  sea  proper"  will,  it  is  believed,  Mean sea-ievei. 
be  found  in  the  existence,  at  any  place  of  observation 
within  that  compartment,  of  a  central  point  in  the  vertical 
range  of  tide  from  which  the  high  and  low  water  levels  of 
every  tide  are  very  nearly  equidistant.  The  existence 
of  such  a  point  was,  it  is  believed,  first  determined  by 
Mr.  James  Jardine,  at  the  Tay,  in  1810,^  and  has  been 
observed  in  the  firths  of  Forth  and  Dornoch,  at  the 
Skerryvore  Rocks  on  the  west  of  Scotland,  at  the  Isle  of 
Man,  and  in  the  Mersey.  These  different  series  of  obser- 
vations, made  at  points  so  far  distant  from  each  other, 
seem  to  prove  the  universality  of  the  phenomenon,  at 
least  on  the  shores  of  this  country.  But  in  ascending 
into  the  tidal  compartment,  the  rise  on  the  low-water 

*  Report  by  James  Jardine,  C.E. 
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level,  which  has  already  been  described,  destroys  at  once 
the  symmetry  of  the  tide- wave,  as  shown  in  fig.  14,  and 
the  existence  of  any  such  central  point  equidistant  from 
the  high  and  low  water  level  of  each  tide. 

The  case  I  have  adduced  serves  to  illustrate  the  defi- 
nition I  have  given  of  the  compartments  of  rivers.  From 
Portmahomac  to  Kincardine,  near  Bonar  Quarry,  we  have 
all  the  evidences  of  what  I  have  termed  the  "sea  proper ;" 
the  line  traced  through  the  low- water  marks  at  different 
parts  of  the  firth  is  level,  or  at  least  never  practically 
rises  above  the  level  of  low  water  at  the  sea ;  the  curve 
formed  by  the  rise  and  fall  of  the  tide  is  symmetrical ; 
there  is  no  lengthened  cessation  of  ebbing  and  flowing  at 
the  period  of  low  water,  and  the  range  of  tide  is  unmodi- 
fied save  by  the  additional  rise  due  to  the  narrow  firth 
through  which  the  tide-wave  passes.  From  Kincardine 
to  the  junction  of  the  Oykell  and  Cassley  we  have  proofs 
no  less  evident  of  the  modified  flow  of  the  tide  peculiar 
to  the  "tidal  compartment."  Even  at  Bonar  Bridge, 
1  mile  above  the  Quarry,  the  low-water  level  is  6  feet  6 
inches  higher  than  at  the  station  below.  At  low  water 
the  tide  remains  within  a  few  inches  of  the  same  level 
for  several  hours,  and  its  maximum  range  is  reduced  to 
about  one  half  of  what  it  is  further  seaward,  while  at 
the  junction  of  the  Oykell  and  Cassley  it  disappectrs 
altogether.  Above  this  point  no  tide  is  known  to  affect 
the  flow  of  the  stream,  which,  being  free  from  all  tidal 
influence,  may  be  termed  the  '*  river  proper." 
boundaries  not  I  niust  here  wam  the  reader  not  to  suppose  that  the 
in  all  cases.      boundaries  we  have  traced  as  existing  in  the  Dornoch 
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Firth,  and  other  places  which  I  have  investigated,  may 
be  determined  with  the  same  precision  under  all  circum- 
stances and  in  every  case.  The  observations  to  which  I 
have  alluded  are  supposed  to  be  made  at  periods  when 
the  river  is  free  from  floods  and  the  sea  unaffected  by 
heavy  gales ;  moreover,  the  configuration  of  the  bottom 
and  shores  of  a  river  and  estuary  may,  in  certain  cases, 
render  the  accurate  determination  of  the  boundaries  very 
difficult.  All  that  I  state  is,  that  these  compartments 
do  in  some  measure,  more  or  less  defined,  exist  in  all 
rivers  debouching  through  firths  and  estuaries  on  a  coast 
where  the  sea  has  a  notable  range  of  tide.  These  are 
the  general  features  of  the  rivers  in  this  country,  but  in 
places  where  the  range  of  tide  is  barely  perceptible,  such 
as  the  Mediterranean,  or  where  the  river  joins  the 
ocean  by  a  short  and  steep  descent,  as  will  be  after- 
wards noticed,  the  boundaries  I  have  defined  cannot  be 
easily  traced. 

The  three  compartments  which  have  been  defined  as  Different  com- 

.      .         .  .  ,  .  nil  i»artment8 

existmg  m  rivers  and  estuaries  naturally  lead  to  a  con-  require  diatmct 
venient  division  of  our  subject  in  treating  of  River  Engi-  works  for  their 
neering  ;  for  it  so  happens  that  the  physical  characteristics 
described  as  peculiar  to  each  of  the  compartments  are 
not  less  distinct  than  the  engineering  works  required 
for  their  improvement.  Thus,  for  example,  on  the 
"river  proper"  section  the  works  may  be  said,  in 
general  terms,  to  consist  chiefly  of  weirs  built  across 
the  stream,  by  which  the  water  is  dammed  up  and 
forms  stretches  of  canal  in  the  river's  bed,  with  cuts 
and  locks  connectino:  the  different  reaches.     The  "tidal 
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compartment"  embraces  a  more  varied  range  of  work, 
including  the  straightening,  widening,  or  deepening  of 
the  courses  and  beds  of  rivers — the  formation  of  new 
cuts,  the  erection  of  walls  for  the  guidance  of  tidal 
currents,  and,  in  some  cases,  the  shutting  up  of  sub- 
sidiary channels, — while  the  "seaward  compartment" 
embraces  such  works  as  have  for  their  object  the 
improvement  or  removal  of  bars  and  shoals,  and  the 
deepening  of  the  navigable  passes.  All  of  these  works 
will  be  treated  in  succeeding  chapters. 

It  is  necessary,  however,  to  explain  that  no  engineer 
is  able  to  consider  and  advise  as  to  the  improvement  of 
any  portion  of  a  river  or  estuary  unless  he  is  furnished 
with  such  data  for  his  guidance  as  can  be  acquired  only 
by  accurate  surveys  and  observation  of  its  physical  char- 
acteristics. Moreover,  as  it  is  impossible  for  the  engineer, 
without  possessing  these  data,  to  design  improvements, 
so,  I  apprehend,  it  will  greatly  assist  the  student  of  En- 
gineering, if,  before  describing  river-works,  and  showing 
their  application  in  practice,  I  should  give  a  brief  sketcli 
of  some  of  the  most  important  hydrometric  investigations 
connected  with  river  engineering.  These  include,  among 
other  tilings,  accurate  tidal  observations  and  soundings, 
— the  determination  of  a  river's  slope,  velocity,  and  dis- 
charge,— the  nature  of  its  bed  and  banks,  and  other 
cognate  inquiries ;  and  I  shall  confine  my  notice  to  such 
of  those  topics  as  are  likely  to  be  most  useful  in  illustrat- 
ing or  rendering  more  intelligible  the  subjects  treated  in 
the  succeeding  chapters,  and  must  refer  the  reader  for 
full  particular  as  to  the  character  and  extent  of  such 
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information,  and  the  means  of  accurately  obtaining  it,  to 
works  on  River  and  Marine  Surveying/  Neither  do  I 
propose  to  include  in  the  present  treatise  any  account  of 
the  interesting  and  gradual  progress  made  by  philosophers 
and  engmeers  of  the  early  Italian  and  French  schools  in 
theoretical  and  experimental  investigations  of  the  laws 
which  regulate  the  flow  of  water  in  natural  and  artificial 
channels,  and  form  the  groundwork  of  all  our  practice  in 
hydraulic  engineering.  For  an  account  of  the  various 
experimental  researches  and  discussions  of  the  theory  of 
hydrodynamics,  the  reader  must  consult  special  treatises 
on  those  subjects,  as  it  is  impossible  here  to  deal  fully 
with  them. 

1  AppUcalion  of  Marine  Surveying  and  Hydrometry  to  the  Practice  of  Civil 
EiKjineering.  By  David  Stevenson,  Civil  Engineer.  Edinburgh:  A.  and  C. 
Black,  1842. 


CHAPTER   IV. 


HYDROMETRIC   OBSERVATIONS. 


Tidal 
observations. 


Variations  in 
the  tidal  lines. 


Tifies  of  rivers- -Variations  in  the  tidal  lines — Anomalies  of  river  tides — Nature 
of  the  inquiry  into  river  tides — Tide-gauges — Selection  of  station  for  tide 
observations — Agents  which  produce  disturbance  in  the  parallelism  of  the 
tidal  lines — Manner  in  which  these  variations  aCFect  the  soundings — Datum 
line  for  soundings — Use  of  tide-gauges  in  reducing  soundings  to  the  datum 
— Formula  for  their  reduction — Formula  only  true  on  the  supposition  of 
the  lines  being  parallel  to  high  waiter — Results  affected  by  erroneous 
supposition— Most  effectual  means  of  avoiding  inaccuracy;  but  this  not 
always  practicable — General  rules  for  taking  soundings — High  and  low 
water  soundings — Formulse  for  ascertaining  the  rise  of  tide  and  height  of 
sandbanks — Cross  sections — Mr.  Henry  Mitchell's  rule  for  determining 
elevations  along  a  tidal  river  without  levelling  ;  not  applicable  to  rivers 
in  this  country. 

The  hydrometric  observations  to  be  first  noticed  are 
those  of  the  tides,  and  it  is  essential  that  they  be  scrupu- 
lously correct,  as  they  determine  the  accuracy  of  all 
soundings  of  the  depth  of  water,  and  of  all  sections  of 
the  bed  of  the  river,  which  are  generally  constructed  from 
the  data  aftbrded  by  the  sounding-line.  The  information 
afforded  by  the  tidal  and  other  hydrometric  obsei-vations 
is  also  indispensable,  as  will  afterwards  be  seen,  in 
enabling  the  engineer  to  form  an  opinion  on  many 
important  questions  that  are  being  constantly  brought 
before  him,  and  I  therefore  offer  no  apology  for  discussing 
this  part  of  the  subject  at  some  length. 

The  tides  of  rivers  are  influenced  partly  by  the  circum- 
stances under  which  the  great  tidal  waves  of  the  ocean 
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enter  their  mouths  or  estuaries,  and  partly  by  the  size  of 
the  streams  and  the  configuration  of  the  beds  and  banks 
of  the  rivers  themselves,  all  of  which  have  a  share  in 
modifying  the  free  flow  of  the  tidal  currents  along  their 
channels.  As  no  rivers  are  to  be  met  with  whose  com- 
munication with  the  sea,  and  the  course  and  strength  of 
whose  streams  are  in  all  respects  similar,  corresponding 
dissimilarities  naturally  occiu-  in  the  circumstances  attend- 
ing the  rise  and  fall  of  river  tides.  If  it  were  correct  to 
assume  that  the  high-water  mark  of  each  tide,  at  any 
given  number  of  points  in  a  river's  course,  stood  invari- 
ably on  the  same  level, — that  the  times  of  high  water  at 
these  points  were  the  same, — and  that  the  progressive 
rise  and  fall  of  the  tides  were  uniform  and  equal  at  every 
point, — or,  in  other  words,  that  the  lines  representing  the 
levels  of  the  surface  of  the  water  of  a  river  taken  syn- 
chronously along  its' course  at  all  periods  of  flood  and  ebb, 
which  I  term  the  "  tidal  lines  of  the  river,"  were  parallel 
to  the  line  of  high  water, — the  work  of  the  engineer  in 
acquiring  data  would  be  greatly  simplified.  But  if  he 
were  to  make  such  an  assumption  the  groundwork  on 
which  to  found  his  opinions  and  frame  his  designs,  his 
conclusions  would  almost  invariably  be  formed  on  erro- 
neous data,  as  his  soundings  and  sections  would  in  most 
cases  be  inaccurate. 

The  foUowinfiT  remarks  by  Professor  Robison,^  illustra-  Anomalies  of 

^  ''  ^  river  tides. 

tive  of  some  of  the  anomalies  in  river  tides,  aie  interest- 
ing in  connection  with  this  subject. 

Regarding  the  rise  or  inclination  which  in  certain 

»  Robison's  Mechanical  Phihaophj/  (Brewrter's  edition),  vol.  iii.  p.  353. 
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circumstances  occurs  in  the  high- water  line,  from  the 
entrance  of  a  river  upwards,  Dr.  Robison  says  : — "  When 
a  wave  of  a  certain  magnitude  enters  a  channel,  it  has  a 
certain  quantity  of  motion,  measured  by  the  quantity  of 
water  and  its  velocity.     If  the  channel,  keeping  the  same 
depth,  contract  its  width,  the  water,  keeping  for  a  while 
its  momentum,  must  increase  its  velocity  or  its  depth,  or 
both,  and  thus  it  may  happen  that,  although  the  greatest 
elevation  produced  by  the  joint  action  of  the  sun  and 
moon  in  the  open  sea  does  not  exceed  8  or  9  feet,  the 
tide  in  some  singular  situations  may  mount  considerably 
higher.    It  seems  to  be  owing  to  this  that  the  high  water 
of  the  Atlantic  Ocean,  which  at  St.   Helena  does   not 
exceed  4  or  5  feet,  setting  in  obliquely  on  the  coast  of 
North  America,   ranges  along  that  coast  in  a  channel 
gradually  narrowing   till  it   is   stopped   in   the  Bay  of 
Fundy  as  a  hook,  and  there  it  heaps  up  to  an  astonishing 
degree."     Again,  as  to  the  variation  in  the  times  of  high 
water  at  different  points,  and  the  non-parallelism  of  the 
tidal  lines,  he  says  : — '*  Suppose  a  great  navigable  river, 
running  nearly  in  a  meridional  direction,  and  fallmg  into 
the  sea  in  a  southern  coast.    The  high  water  of  the  ocean 
reaches  the  mouth  of  the  river  (we  may  suppose)  when 
the  sun  and  moon  are  together  in  the  meridian.     It  is 
therefore  a  spring-tide  high  water  at  the  mouth  of  the 
river  at  noon.     This  checks  the  stream  at  the  mouth  of 
the  river,  and  causes  it  to  deepen.     This  again  checks  the 
current  farther  up  the  river,  and  it  deepens  there  also, 
because  there  is  always  the  same  quantity  of  land  water 
pouring  into  it.     The  stream  is  not  perhaps  stopped,  but 
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only  retarded.  But  this  cannot  happen  without  its  grow- 
ing deeper.  This  is  propagated  farther  and  farther  up  the 
stream,  and  it  is  perceived  at  a  great  distance  up  the 
river.  But  this  requires  a  considerable  time.  We  may 
suppose  it  just  a  lunar  day  before  it  anives  at  a  certain 
wharf  up  the  river.  The  moon  at  the  end  of  the  day  is 
again  on  the  meridian,  as  it  was  when  it  was  spring-tide 
at  the  mouth  of  the  river,  the  day  before.  But  in  this 
interval  there  has  been  another  high  water  at  the  mouth 
of  the  river,  at  the  preceding  midnight,  and  there  has  just 
been  a  third  high  water  about  15  minutes  before  the 
moon  came  to  the  meridian,  and  35  minutes  after  the  sun 
has  passed  it.  There  must  have  been  two  low  w^aters  in 
the  interval  at  the  mouth  of  the  river.  Now,  in  the  same 
way  that  the  tide  of  yesterday  noon  is  propagated  up  the 
stream,  the  tide  of  midnight  has  also  proceeded  upwards, 
and  thus  there  are  three  co-existent  high  waters  in  the 
river.  One  of  them  is  a  spring-tide,  and  it  is  far  up  at 
the  whai-f  above  mentioned.  The  second,  or  the  midnight 
tide,  must  be  half-w^ay  up  the  river,  and  the  third  is  at 
the  mouth  of  the  river.  And  there  must  be  two  low 
waters  intervening.  The  low  water,  that  is,  a  state  of 
the  river  below  its  natural  level,  is  produced  by  the  pass- 
ing low  water  of  the  ocean,  in  the  same  way  that  the 
liigh  water  was.  For  when  the  ocean  falls  below  its 
natural  level  at  the  mouth  of  the  river,  it  occasions  a 
gi'eater  declivity  of  the  issuing  stream  of  the  river.  This 
must  augment  its  velocity ;  this  abstracts  more  water 
from  the  stream  above ;  and  that  part  also  sinks  below 
its  natural  level,  and  gives  a  greater  decHvity  to  the 
waters  behind  it.     And  thus  the  stream  is  accelerated, 
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and  the  depth  is  lessened  in  succession,  in  the  same  way 
as  the  opposite  effects  were  produced.  We  have  a  low 
water  at  different  wharfs  in  succession  just  as  we  had 
the  high  waters." 

"  This  state  of  things,  which  must  be  famiharly  known 
to  all  who  have  paid  any  attention  to  these  matters, 
being  seen  in  almost  every  river  that  opens  into  a  tide- 
way, gives  us  the  most  distinct  notion  of  the  mechanism 
of  the  tides.  It  is  a  great  mistake  to  imagine  that  we 
cannot  have  high  water  at  London  Bridge  (for  example), 
unless  the  water  be  raised  to  that  level  all  the  way  from 
the  mouth  of  the  Thames.  In  many  places  that  are  far 
from  the  sea,  the  stream  at  the  moment  of  high  water  is 
down  the  river,  and  sometimes  it  is  considerable.  At 
Quebec  it  runs  downwards  at  least  3  miles  per  hour. 
Therefore  the  water  is  not  heaped  up  to  a  level,  for  there 
is  no  stream  without  a  declivity." 

In  the  river  Amazon,  the  tide  is  said  to  ascend  against 
the  stream,  in  the  manner  described,  for  several  days, 
and  to  penetrate  to  the  distance  of  200  leagues  from 
its  mouth,  seven  or  eight  tides,  with  intermediate  low 
waters,  following  each  other  in  succession;^  and  in  the 
Thames  we  find  a  similar  tidal  succession,  but  not  to 
so  great  an  extent,  and  arising,  according  to  Whewell, 
"from  the  peculiar  circumstance  of  the  river's  having  a 
tide  compounded  of  two  tides  arriving  by  different  roads, 
after  journeys  of  different  lengths,"  in  allusion  to  the  two 
branches  into  which  the  tidal  wave  is  divided  on  reaching 
the  British  shores,  one  of  which  flows  up  the  English 

*  EneifchpoKlia  Britannka,  art.  "  River." 
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Channel,  while  the  other  proceeds  along  the  west  and 
northern  coast  of  the  country,  and  flowing  down  the  east 
coast,  again  joins  the  other  branch. 

Such  variations  on  the  high-water  lines  as  those 
described  by  Robison  will  be  found  to  exist,  to  some 
extent,  in  almost  every  situation,  if  the  rise  of  tide  and 
the  capacity  of  the  river  or  estuary  are  sufficiently  great 
to  admit  of  their  full  development,  and  if  the  observa- 
tions made  are  sufficiently  accurate  and  of  sufficient 
extent  to  include  them  within  their  range.  But  from 
the  smallness  of  British  rivers,  which  flow  from  a  com- 
paratively narrow  and  contracted  country,  the  ordinary 
surveys  made  for  engineering  purposes  in  Britain  very 
rarely  embrace  so  great  a  field  of  observations  as  to 
include  the  range  of  more  than  one  tide ;  nevertheless, 
even  in  this  country,  such  irregularities  are  found  to 
exist  on  the  tidal  lines  as  to  require  careful  investigation 
.to  insure  accuracy,  especially  in  situations  where  the 
rise  of  tide  is  great. 

Before  entering  fully  on  the  explanation  of  the  dif- 
ferent steps  to  be  taken  in  making  a  correct  series  of 
tidal  observations,  by  which  alone  the  anomalies  I  have 
alluded  to  can  be  discovered,  some  preliminary  remarks, 
in  explanation  of  the  exact  nature  of  the  inquiry  to  be 
instituted,  appear  necessary  to  the  proper  understanding 
of  what  is  to  follow. 

If  the  tidal  lines  of  a  river  were  level  and  parallel,  a  Nature  of  the 
series  of  observations  on  the  progressive  rise  and  fall  of  iion-i*™iwi«i 
the  tides  made  at  a  single  graduated  gauge  placed  in  any  lineg. 
part  of  its  coui^se,  at  which  the  whole  of  the  tidal  rise  and 
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fall  is  developed,  would  be  sufficient  for  correcting  all 
soundings  and  reducing  them  to  one  level  datum  line. 
For  the  person  making  the  soundings  on  any  part  of  the 
river  would  only  have  to  note  the  time  of  observation, 
and  by  comparing  it  with  the  tide-observations  made 
at  the  same  time,  as  entered  in  the  tide-book  kept  at 
the  gauge,  would  discover  the  exact  state  of  the  tide 
at  the  time  the  sounding  was  made.  If,  on  the  other 
hand,  the  lines  had  a  certain  inclination,  but  were 
nevertheless  parallel  to  each  other,  the  single  series 
of  observations  alluded  to  would  still  be  sufficient  for 
obtaining  the  correct  depths  at  high  water,  and  con- 
sequently an  accurate  profile  of  the  bed  of  the  river, 
exhibiting  all  its  inequalities ;  but  it  is  evident  that  the 
inclination  of  the  tidal  lines,  and,  what  is  of  more  import- 
ance, the  true  position  of  the  bed  of  the  river  in  reference 
to  the  datum  line  of  the  section,  could  not  be  ascertained 
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by  this  means.  Thus  let  the  lines  a  h  and  c  d  represent 
the  high- water  line  and  the  bed  of  a  river  respectively, 
and  let  there  be  a  rise  of  1  foot  6  inches  in  both  of  them  in 
the  distance  as  represented  in  the  cut.  If  one  tide-gauge 
only  were  used,  suppose  at  the  lower  extremity  of  the 
river,  the  section,  when  protracted,  would  assume  the 
form  represented  by  the  dotted  lines  x  h  and  y  d,  in 
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which  the  high -water  line  and  bottom  of  the  river  are 
shown  as  being  level,  whereas  their  correct  positions  in 
reference  to  the  level  line  a  e,  which  we  may  suppose  to 
be  the  datum  line  of  the  section,  are  those  represented 
by  the  lines  a  h  and  c  d,  on  each  of  which  there  is  a  rise 
of  1  foot  6  inches. 

The  inclination  of  the  bed  forms  an  important  element  Tide-gauges, 
in  all  questions  relative  to  the  navigation  of  rivers,  and 
proper  means  must  be  adopted  for  determining  this  before 
any  design  of  improvement  can  be  formed,  and  for  this 
purpose  it  is  obvious  that  at  least  two  tide-gauges  must 
be  used,  one  at  either  extremity  of  the  portion  of  the 
river  which  is  being  surveyed ;   and  further,  that  their 
relative  levels  must  be  accurately  ascertained.     Now,  if 
the  high- water  line  in  the   case  referred   to  in  fig.   15 
should  stand  at  10  feet  on  the  lower  gauge,  it  will,  if 
their  zeros  are  at  the  same  level y  stand  at  1 1  feet  6  inches 
on  the  upper  one  at  the  same  moment,  thus  indicating 
the  difference  of  level.     In  this  way  not  only  are  the  data 
for  ascertaining  the  correct  depths  at  high  water  afforded, 
but  a  proper  section  of  the  river  can  be  made,  its  tidal 
lines  and  bed  being  represented  in  their  true  positions  in 
reference  to  a  horizontal  datum  line. 

From  what  has  already  been  said,  however,  it  will 
readily  be  seen  that  it  would  be  improper  to  assume  that 
the  tidal  lines  are  parallel  during  the  whole  period  of 
flood  and  ebb ;  and  therefore  it  is  necessary  to  provide 
for  this  by  adopting  intermediate  stations  for  tide  obser- 
vations, and  by  taking  the  soundings  of  the  river  at 
particular  periods  when  the  deviation  from  parallelism  in 
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Selection  of 
stations  for 
tidal  observa- 
tions. 


the  tidal  lines  is  at  its  minimum,  as  will  be  more  particu- 
larly noticed  hereafter. 

For  the  purpose  of  determining  these  tidal  lines,  tide 
gauges,  which  must  be  connected  by  careful  levelling, 
must  be  set  up  at  various  places  and  observed.  These 
gauges  are  made  of  wood,  about  4  inches  by  ^  inch,  and 
numbered  every  3  inches,  and  are  fixed  up  so  that  the 
level  of  the  water  even  at  its  lowest  may  not  leave  them, 
and  sufficiently  long  to  insure  the  tides  not  overtopping 
them.  They  should  be  observed  simultaneously  every 
ten  minutes,  and  a  movable  glass  tube,  about  3  feet  in 
length,  with  a  leather  cover  tied  on  the  bottom  with  a 
small  hole  in  it,  will  usually  be  found  serviceable  m  get- 
ting the  mean  level  of  the  water  when  there  is  any  ripple 
on  the  surface. 

In  determining  the  number  and  selecting  the  sites  of 
the  stations  at  which  tide  observations  are  to  be  made, 
the  engineer  ought  to  be  regulated  by  the  amount  of 
tidal  rise  and  the  configuration  of  the  banks  of  the  river. 
Where  the  rise  of  tide  is  small,  and  the  tidal  currents 
are  very  languid,  or  of  a  nearly  uniform  velocity  through- 
out the  course  of  the  river,  few  places  of  observation  may 
sufiice,  but  where  there  is  a  great  rise  of  tide,  accompanied 
by  rapid  currents  or  changes  of  velocity,  the  parallelism 
of  the  tidal  lines,  on  which  the  correctness  of  the  sound- 
ings depends,  is  more  likely  to  be  found  to  be  disturbed, 
requiring  a  greater  number  of  points  of  observation.  It 
may  be  stated,  as  a  general  rule,  that  the  more  numerous 
the  tide  stations  are  the  nearer  will  the  results  approxi- 
mate to  the  exact  line  of  the  tidal  wave  at  any  particular 


Ill 


^ 


? 


'L 


HYDROMETRIC   OBSERVATIONS.  89 

moment  of  flood  or  ebb,  and  the  less  chance  will  there  be 
of  error  in  reducing  the  depths  of  the  soundings. 

Wliether  an  extended  or  limited  series  of  observations  Agents  which 

..  I'll-  i»  produce  dis- 

is  to  be  adopted,  it  is  necessary,  while  selecting  the  sites  turbance  in  the 

/»,!...  1  1  1  I  parallelism  of 

tor  the  stations,  to  nave  due  regard  to  the  agents  most  tidal  lines. 
Hkely  to  produce  disturbance  in  the  parallelism  of  the 
tidal  lines,  such  as  abrupt  turns  or  bends  and  sudden 
changes  in  the  transverse  sectional  areas  of  rivei's. 

These  variations  on  the  tidal  lines,  and  the  manner 
in  which  they  affect  soundings  and  sections,  will  be  best 
explained  by  reference  to  a  few  examples. 

The  results  which  I  shall  state,   in  the  first  place,  Examples  of 

.  variations  on 

were  obtained  from  observations  made  on  the  river  Dee  the  tidai  lines. 
in  North  Wales. 

Three  series  of  simultaneous  tide  observations  were 
made  in  that  river :  one  at  Chester,  another  at  Connah's 
Quay,  and  a  third  at  Flint,  and  the  following  results 
were  obtained. 

The -distance  from  Chester  to  Connah's  Quay  is  7^ 
miles,  and  that  from  Connah's  Quay  to  Flint  3|  miles ; 
the  whole  distance  from  Chester  to  Flint  being  1 1  miles. 
The  part  of  the  river  which  extends  from  FUnt  to 
Connah's  Quay  may  be  said  to  be  an  open  estuary ;  and 
the  upper  part,  extending  from  Connah's  Quay  to  Chester, 
is  an  artificial  tidal  canal,  having  an  unobstructed  water- 
way of  about  500  feet  in  breadth  at  high,  and  250  feet  at 
low  water,  as  will  be  seen  from  the  chart  of  the  river, 
Plate  V. 

The   hiffh- water   line  was   found,   by  an   average  of  Rise  on  high- 

water  level. 

twenty-four  observations,  to  rise  2  inches  from  Fhnt  to 
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Connah's  Quay ;  and  from  Connah's  Quay  to  Chester  the 
rise  was  found  to  vary  from  4  inches  at  neap  to  14  inches 
at  spring  tides,  giving,  as  the  result  of  twenty-four 
observations,  an  average  rise  of  6  inches.  The  whole 
average  rise  on  the  high-water  line  from  FHnt  to  Chester 
is  therefore  8  inches. 

The  difference  between  the  times  of  high  water  at  the 
different  stations  was  found  to  vary  very  much,  and 
appeared  to  be  more  affected  by  the  state  of  the  winds 
than  by  the  circumstance  of  the  tides  being  neap  or 
spring;  but  the  average  of  the  observations  gave  the 
time  of  high  water  at  Fhnt  twenty  minutes  earUer  than 
at  Connah's  Quay,  and  that  of  high  water  at  Connah's* 
Quay  thirty  minutes  earUer  than  at  Chester ;  the  whole 
average  diflference  in  time  between  high  water  at  FUnt 
and  at  Chester  being  fifty  minutes. 

The  average  level  of  the  low-water  line  at  Connah's 
Quay  is  2  feet  6  inches  below  that  at  Chester,  giving  on 
the  distance  of  71  miles  an  average  fall  of  4*09  inches 
per  mile,  and  the  level  of  the  low  water  at  Flint  is 
7  feet  6  inches  below  that  at  Connah's  Quay,  giving  on  a 
distance  of  3f  miles  an  average  fall  of  24*54  inches  per 
mile.  The  total  fall  from  Chester  to  Flint  is  10  feet, 
being  an  average  fall  on  the  distance  of  11  miles  of  10*9 
inches  per  mile. 

When  the  rise  of  tide,  as  indiciited  by  the  Liverpool 
tide-table,  is  1 8  feet  on  the  dock  sill  at  Liverpool,  the  rise 
in  the  Dee  is  20  feet  10  inches  at  Flint,  13  feet  8  inches 
at  Connah's  Quay,  and  1 1  feet  5  inches  at  Chester. 

Plates  VL  and  VIL  represent  approximately  the  fonns 
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assumed  by  the  tidal  lines  of  the  river.  Plate  VI.  repre- 
sents the  flood  Imes  of  a  tide  rising  19  feet  8  inches  at 
Flint.  In  this,  as  well  as  in  the  other  diagrams  illustra- 
tive of  the  rise  or  fall  of  the  tides,  the  perpendicular  lines 
show  the  relative  positions  of  the  stations,  and  are  gradu- 
ated in  the  same  way  as  the  tide-gauges.  On  the 
horizontal  line  at  the  top  of  the  diagrams,  the  relative 
distances  between  the  stations  are  marked  in  miles,  and 
at  the  right  side  of  the  Plates,  the  time  corresponding  to 
the  level  of  the  tide  is  expressed  in  hours  and  minutes. 
The  hard  diverging  lines  are  drawn  through  the  points  at 
which  the  tide  stood  at  the  different  stations,  as  ascer- 
tained by  observation,  and  represent  the  tidal  Hnes  of  the 
river.  They  are  drawn  straight,  but  in  reality  will  pre- 
sent a  curved  form.  Those  which  are  dotted  show  the 
probable  direction  of  those  lines,  when  their  forms  could 
not,  for  want  of  additional  tidal  stations,  be  more  ac- 
curately determined. 

The  tide,  as  will  appear  from  an  inspection  of  Plate 
VI.,  began  to  rise  at  FHnt  at  8  hours  40  minutes ;  at  10 
hours  15  minutes  it  had  risen  12  feet  8  inches,  and  at 
that  time  had  just  appeared  at  Connah's  Quay,  the  sur- 
face of  the  water  at  Flint  being  5  feet  4  inches  above  that 
at  Connah's  Quay.  At  11  hours  20  minutes  the  tide  had 
risen  1 8  feet  4  inches  at  Flint,  and  was  1  foot  above  the 
level  of  the  water  at  Connah's  Quay,  and  7  feet  10  inches 
above  that  at  Chester,  at  which  place  the  tide  had  just 
begun  to  appear.  Thus,  while  at  low  water  there  is  a 
fall  of  11  feet  from  Chester  to  Flint,  there  was  at  the 
time  above  mentioned  a  fell  of  no  less  than  7  feet  10 
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inches  on  the  surface  of  the  water  from  Flint  to  Chester. 
At  12  hours  10  minutes  it  was  high  water  at  Flint,  and 
at  that  time  there  was  a  fall  of  1  foot  7  inches  to  Cliester ; 
but  the  high  water  at  Chester  did  not  occur  till  one 
o'clock,  by  which  time  the  water  at  Flint  had  fallen  2 
feet  2  inches,  and  the  fall  on  the  surface  of  the  water 
from  Chester  to  Flint  was  3  feet  1  inch.  On  referring  to 
Plate  VII.,  which  shows  the  lines  of  ebb  tide  on  the  same 
day,  it  will  be  found,  that  the  water  subsides  gradually, 
and  that  the  tidal  lines  approach  much  more  nearly  to 
parallelism  and  horizontality  than  during  flood  tide.  The 
upper  line  of  this  diagram  corresponds  with  the  tidal  line 
when  it  is  high  water  at  Chester. 

A  similar  series  of  facts  obtained  on  the  Lune  in 
Lancashire,  will  be  found  to  corroborate  genemlly  the 
results  deducible  from  those  made  at  the  Dee. 

The  observations  at  the  Lune  were  taken  at  thi-ee 
parts  of  the  river,  namely,  Glasson  Dock,  Heaton  Point, 
and  Lancaster  Quays,  the  positions  of  which  will  be  seen 
on  Plate  VIII.  The  distance  from  Glasson  to  Heaton  is 
3^  miles,  and  that  from  Heaton  to  Lancaster  2^  miles, 
making  the  whole  distance  from  Glasson  to  Lancaster 
5  J  miles. 

The  high- water  line  at  Glasson,  Heaton,  and  Lan- 
caster, was  found  occasionally  to  stand  exactly  at  the 
same  height ;  but  the  average  difference  of  level  gave  a 
fall  of  1  inch  from  Glasson  to  Heaton,  and  a  rise  of  3 
inches  from  Heaton  to  Lancaster,  the  surfiice  of  the  water 
at  Heaton  being  slightly  depressed,  and  a  small  degi'ee  of 
concavity  on  the  high-water  line  observable,  due  to  the 
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configuration  of  the  estuary.  A  great  contmction  of  the 
space  between  the  banks  occurs  at  Glassoii,  which  checks 
the  free  flow  of  the  tidal  wave,  and  consequently  raises 
its  level  at  that  place.  After  passing  this  contraction, 
however,  the  water  flows  into  the  large  tidal  basin  or  area 
in  which  the  Heaton  tide-gauge  was  placed,  extending 
from  Glasson  towards  Lancaster,  and  here  the  tide  level 
again  falls,  owing  to  the  much  larger  surface  over  which 
the  water  is  distributed. 

The  time  of  high  water  was  -found,  on  eight  occasions 
out  of  twenty-four,  to  be  exactly  the  same  at  Glasson, 
Heaton,  and  Lancaster.  The  difference  of  time,  however, 
between  Glasson  and  Lancaster  varied  from  0  to  10 
minutes,  and  the  average  of  the  observations  gave  the 
time  at  high  water  at  Glasson  3f  minutes  earlier  than 
at  Lancaster ;  but  this  difference  in  time  seemed  to 
depend  entirely  on  the  wind  or  state  of  the  weather, 
and  not  on  the  circumstance  of  the  tide  being  spring 
or  neap. 

The  average  level  of  the  low  water  at  Glasson  is  7  feet 
3  inches  below  that  at  Heaton,  giving,  in  a  distance  of  3^ 
miles,  an  average  fall  of  26*76  inches  per  mile ;  and  the 
average  level  of  the  low  water  at  Heaton  is  3  feet  9 
inches  below  that  at  Lancaster,  giving,  on  the  distance  of 
2^  miles,  an  average  fall  of  20  inches  per  mile.  The  level 
of  the  low  water  at  Glasson  is,  therefore,  1 1  feet  below 
that  at  Lancaster,  giving,  on  the  whole  distance  of  5^ 
miles,  a  fall  on  the  low-water  line  of  24  inches  per  mile 
between  the  two  places. 

When  the  rise  of  tide,  as  indicated  by  the  Liverpool 
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tide-table,  is  18  feet  above  the  dock  sill,  the  rise  of  tide 
in  the  Lune  is  2 1  feet  1  inch  at  Glasson,  1 3  feet  1 0  inches 
at  Heaton,  and  10  feet  2  inches  at  Lancaster. 

Plates  IX.  and  X.  represent  the  forms  assumed  by  the 
tyial  lines  of  the  Lune  during  a  spring- tide  which  rose 
23  feet  4  inches  at  Glasson.  The  tide,  as  will  appear 
from  an  inspection  of  Plate  IX.,  began  to  rise  at  Glasson 
at  9  hours ;  at  10  hours  5  minutes  it  had  risen  11  feet  4 
inches,  and  at  that  time  had  just  appeared  at  Heaton ; 
the  surfg^ce  of  the  water  at  Glasson  being  4  feet  3  inches 
above  that  at  Heaton.  At  10  hours  40  minutes  the  tide 
had  risen  15  feet  6  inches  at  Glasson,  and  was  1  foot  9 
inches  above  the  level  of  the  water  at  Heaton,  and  4  feet 
4  inches  above  that  at  Lancaster,  at  which  place  the  tide 
had  just  begun  to  appear.  Thus,  while  at  low  water 
there  is  a  fall  of  1 1  feet  from  Lancaster  to  Glasson,  there 
was  at  the  time  mentioned  a  fall  of  4  feet  4  inches  on  the 
surface  of  the  water  from  Glasson  to  Lancaster.  At  12 
hours  20  minutes  it  was  high  water  at  Glasson,  Heaton, 
and  Lancaster,  and  at  that  time  there  was  a  fall  of  a  few 
inches  both  from  Lancaster  and  from  Glasson  to  the  in- 
termediate station  at  Heaton,  producing  the  concavity  of 
the  high-water  line  already  alluded  to. 

On  referring  to  Plate  X.,  which  shows  the  lines  of 
ebb-tide  on  the  same  day,  it  will  be  found  that  the  water 
subsides  gradually,  a  slight  degree  of  concavity  on  the 
surface  being  discernible  for  an  hour  and  a  half  after  high 
water ;  and  during  the  whole  of  the  ebb-tide,  as  in  the 
former  case,  the  lines  approach  much  more  neiuly  to 
parallelism  and  horizontality  than  during  flood-tide.    The 
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upper  tidal  line  of  this  diagram  corresponds  with  that  of 
high  water. 

I  have  found  in  all  rivers  whose  tides  I  have  examined 
with  this  object  in  view,  that,  on  comparing  the  lines 
formed  during  spring  with  those  formed  during  neap  tides, 
the  latter  are  invariably  more  nearly  parallel  to  the  line 
of  high  water ;  the  deviation  from  parallelism  decreasing 
in  proportion  to  the  decrease  in  the  rise  of  tide.  For  the 
purpose  of  illustrating  this,  I  have  given,  in  Plates  XI. 
and  XII.,  an  example  of  the  lines  formed  by  the  flood  of 
a  neap  tide  on  the  Lune,  and  the  ebb  of  a  neap  tide  on 
the  Dee,  which,  when  compai'ed  with  the  examples  of  the 
spring-tides  of  these  rivers  already  given,  will  be  found 
to  approach  much  more  nearly  to  horizontality  and  paral- 
•lehsm.  A  further  illustration  of  this  is  presented  in  the 
following  tabular  views  of  the  maximum  difference  of 
level  between  the  surface  of  the  water  at  Flint  and 
Chester  on  the  Dee,  and  at  Glasson  and  Lancaster  on  the 
Lune,  during  the  flow  of  tides  of  various  amounts  of 
vertical  rise : — 


RIVER  DEE. 

Date. 

Rise  of  Tide 

at 

Flint 

Maximum  Fall 

from 
Flint  to  Chester. 

1839. 

Feet        In. 

Feet       In. 

May  21. 

U       0 

3          8 

„     23. 

15          6 

4          5 

„     25. 

16       4 

5       8 

„     29. 

18       0 

6       6 

June  10. 

19       8 

7      10 
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Date. 

Rise  of  Tide 

at 

Glasson 

Maxiraam  Fall 

from  Glasson  to 

Lancaster. 

1839. 

Feet.        In. 

Feet.      In. 

Aug.  29. 

12          1 

1           1 

„      31. 

12        9 

1        6 

Sept.    1. 

15       4 

2        0 

„        3. 

19        8 

2      10 

„        5. 

23        2 

3        2 

„        6. 

23        6 

4        4 

I  shall  only  refer  to  another  example,  which  is  chiefly 
interesting  as  showing  the  undulating  lines  of  the  tide- 
wave  in  its  passage  up  the  narrow  channel  of  a  winding 
river.  I  allude  to  the  Forth  in  Stirlingshire,  in  which, 
from  its  tortuous  course,  the  tides  are  somewhat  remark- 
able and  abnormal.  To  give  an  idea  of  the  windings  of 
this  river,  it  may  be  stated  that  the  distance  in  a  straight 
line  between  the  towns  of  Alloa  and  Stuling,  both  of 
which  are  situated  on  its  banks,  is  5  miles ;  while  by  the 
river's  course  it  is  no  less  than  10 J  miles.  The  tidal 
currents,  however,  in  the  Forth  are  not  so  rapid  as  those 
to  which  I  have  been  referring,  otherwise  the  deviations 
in  the  tidal  lines  would  doubtless  have  been  much  gi-eater 
than  they  were  found  in  reality  to  be. 

Four  stations  were  selected,  namely,  at  Alloa,  Tilli- 
body,  Powishole,  and  Stirling,  and  the  observations  were 
made  under  the  direction  of  Mr.  Robert  Stevenson.  The 
deviation  in  the  lines  will  be  seen  by  reference  to  the 
diagrams  in  Plate  XIII.,  which  are  constructed  nearly  in 
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the  same  manner  as  those  akeady  described,  and  represent 
the  forms  assumed  by  the  surface  of  the  water  during 
flood  and  ebb,  at  the  end  of  eveiy  successive  half  hour. 
The  most  abnormal  result  of  this  investigation  occiu^  at 
Powishole,  where  the  undulating  surface  of  the  water  was 
found  to  rise  higher  than  at  any  other  point  on  the  river, 
either  above  or  below  it. 

Before  quitting  this  subject,  one  instance  maybe  given 
of  what  may  be  called  a  normal,  or  usual  state  of  matters 
as  regards  the  form  of  the  tidal  wave,  as  it  approaches  and 
advances  up  a  river,  and  one  instance  of  an  abnormal 
state. 

As  the  tidal  wave  approaches  our  coasts,  it  is,  as  Normal  tidal 
already  stated,  symmetrical  in  form  ;  this  is  only  partially 
true,  however,  for,  on  laying  down  a  number  of  tides,  very 
minutely  obsei-ved  by  the  late  Mr.  Alan  Stevenson,  even 
at  a  place  like  Tiree,  on  the  Atlantic  sea-board,  the  tidal 
curves  are  seen  to  be  not  truly  synometrical,  though  for 
all  engineering  purposes  they  are  so. 

Now  at  Greenock,  which  is  20  miles  from  the  open 
ocean,  the  tidal  wave  is  still  fairly  regular ;  but  passing 
up  to  Port-Glasgow,  and  still  further  up  to  Dumbarton, 
we  find  the  following  alterations  on  its  form  and  height, 
which  are  to  be  found  more  or  less  marked  in  almost 
every  tidal  estuary,  and  hence  may  be  said  to  be  normal. 

By  reference  to  the  diagrams,  Plate  XI 11*^,  which  show 
the  results  of  observations  by  Messrs.  D.  and  T.  Stevenson 
in  1877,  it  will  be  seen  that  the  further  up  the  river  the 
liigher  does  the  top  of  the  wave  rise  above  a  level  Une,  Rise  on  the 
also  that  the  further  up  the  river  the  higher  does  the 
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level  of  low  water  become,  and  that  the  tidal  wave  keeps 
fairly  sjmimetrical  at  its  crest.  These  are  simply  pheno- 
mena which  we  have  found  repeated  on  the  Sol  way  Firth, 
the  Lune,  the  Dee,  etc.  But  it  would  not  be  correct  to 
suppose  that  these  characteristics  are  universal,  and  it  will 
only  be  necessary  to  give  one  case,  namely,  that  of  the 
Forth,  in  which  every  one  of  these  features  is  absent. 
"LeckieTide"  Before  describing  an  abnormal  tidal  wave,  it  may  be 
well  to  state  on  what  authority  and  grounds  the  facts 
about  to  be  mentioned  are  founded. 

In  1876  Messrs.  D.  and  T.  Stevenson  were  engaged 
in  opposing  a  reclamation  scheme  before  Parliament,  and 
it  was  found  necessary  to  make  accurate  simultaneous 
observations  at  various  places  on  the  estuary  of  the 
Forth.  These  places  included  Charleston,  Culross,  Kin- 
cardine, and  Alloa — Charleston  the  lowest,  and  Alloa  the 
highest,  about  12  J  miles  further  up.  The  observations 
were  made  on  the  27th  of  January,  and  10th  and  11th 
Febiiiary  1876,  and  the  gauges  were  read  every  10 
minutes,  and  were  connected  by  careful  levelling.  A 
very  peculiar  tidal  wave  was  found  at  AUoa,  as  shown  on 
Plate  XIIT/\  The  tide,  having  risen  to  a  height  of  9  feet 
4  inches  above  Ordnance  datum  at  2.30,  began  to  fall,  and 
fell  till  4.0,  when  it  again  began  to  rise,  and  reached  even 
a  greater  height  than  it  had  previously  done,  namely,  to 
10  feet  1  inch  above  Ordnance  datum.  This  fall  or 
**  leckie,"  amounting  to  nearly  1  foot,  is  so  abnormal,  that 
it  is  interesting  to  see  where  it  originates,  and  if  it  dis- 
appears. 

Now   it    will   be    seen    from    the    diagram    that  at 
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Charleston,  which  is  12  J  miles  seawards,  the  "l6ckie"  is 
scarcely  perceptible;  on  only  one  occasion  were  two  distinct 
high  waters  apparent.  At  Kincardine,  4j  miles  below 
Alloa,  the  phenomenon  is  more  distinct,  and  at  Alloa  it 
is  fully  developed.  But  this  "  leckie  "  does  not  end  here 
or  become  annihilated  in  its  passage  up  the  river ;  for  it 
continues  right  up  to  StMing,  a  distance  of  no  less  than 
1 0^  miles  above  Alloa ;  though  on  its  arrival  at  Stirling 
it  is  less  marked,  the  fall  being  only  a  few  inches  on 
any  tide  that  has  been  observed,  and  these  have  been 
numerous.  It  will  be  apparent  from  this  that  the 
"  leckie "  is  not  caused  by  anything  up  the  river,  but 
that  it  derives  its  origin  from  a  much  lower  source, 
at  Alloa,  or  even  lower,  and  is  probably  caused  by  a 
stoppage  of  the  flow  and  then  a  sudden  release,  due  to 
the  form  of  the  estuaiy  through  which  the  tidal  wave 
has  to  pass. 

One  other  peculiarity  of  the  tides  here,  which  is  not  Low-water  level 

lower  at  Kincar- 

altogether  uncommon,   is,  that  the  low  water   at  Kin-  dine  than  at 

Charleston. 

cardine,  for  instance,  is  lower  than  the  low  water  at 
Charleston,  even  although  Kincardine  is  situated  further 
up  the  estuary.  This  phenomenon  is  very  distinctly 
developed  at  the  Mersey,  as  shown  by  observations  of 
Captain  Hills,  the  low  water  of  a  spring  tide  at  Garston, 
13  miles  above  the  bar,  being  1  foot  9  inches  below  the 
low  water  at  the  bar. 

Although  many  other  series  of  observations,  affording 
similar  results  might  be  given,  it  seems  unnecessaiy  to 
enter  upon  them ;  the  only  object  being  to  enable  the 
reader  to  foiTQ  distinct  ideas  as  to  the  nature  and  extent 
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Datum  for 
soundings. 


Ordinary 
spring-tide. 


of  the  deviations  in  the  tidal  Knes,  and  the  several  in- 
vestigations that  require  to  be  instituted  in  making  a 
correct  survey.  The  examples  I  have  given,  it  is  pre- 
sumed, afford  sufficient  inforaiation  for  that  purpose.  I 
shall,  therefore,  proceed  to  show  in  what  manner  and  to 
what  extent  the  accuracy  of  the  soundings  may  be 
affected  by  the  non-parallelism  of  the  tidal  lines  to  the 
line  of  high  water ;  and,  that  the  observations  to  be  made 
may  be  clearly  understood,  I  shall,  in  the  first  place,  offer 
a  few  remarks  on  the  datum  to  which  the  soundings 
should  be  reduced,  and  also  on  the  natiure  and  use  of  the 
reference  which  is  made  to  the  tide-gauges,  in  the  reduc- 
tion of  their  depths  to  that  datum. 

It  is  evident  that  all  soundings  must  be  reduced  or 
referred  to  one  datum  line,  before  a  correct  notion  can 
be  formed  of  the  depths  of  water  at  the  places  where 
they  were  taken  ;  and  perhaps  the  most  convenient  datum 
is  the  high  water  of  an  ordinary  spring- tide.  When  I 
had  occasion  to  deteniiine  this,  I  have  taken  the  range  of 
the  five  highest  spring-tides  of  each  series  throughout  the 
year  (rejecting  any  ahnoi^mal  tide  due  to  a  storm),  and 
adopted  the  mean  of  these,  as  the  range  of  an  ordinary 
spring-tide.  This,  however,  requires  access  to  a  long 
series  of  observations,  which  is  not  often  available,  and  it 
will  frequently  be  found  convenient  to  reduce  the  sound- 
ings to  high  water  of  a  spring- tide,  having  a  range  of  10, 
16,  18,  or  20  feet,  as  the  case  may  be,  at  a  certain  point 
in  the  river  which  must  be  specified,  and  the  depth  in 
reference  to  the  high  water  of  any  other  tide  can,  with 
this  information,  be  easily  ascertained. 
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In  order  to  explain  the  use  of  the  reference  which  is  Use  of 

.  ,  .  Tide-gauge« 

made  to  the  tide-gauges,  in  reducing  the  soundings,  we  in  reducing 
shall  suppose  that  a  depth  was  taken  in  the  middle  of  an 
estuary,  and  that  the  observer,  at  the  time  he  made  the 
observation,  had  not  any  means  of  ascertaining  the  state 
of  the  tide.     Such  an  observation  would  evidently  be  of 
no   practical   use,   from   the   circumstance   of  its   being 
impossible  to  ascertain  whether  the  tide  had  still  to  rise, 
had  attained  its  full  height,  or  had  fallen  a  certain  number 
of  feet  at  the  moment  it  was  made,  without  a  distinct 
and  accurate  knowledge  of  which,  the  depth  could  not  be 
reduced  to  the  level  of  the  high  water  of  any  particular 
tide.     If  all  the  depths  were  taken  exactly  at  the  time 
of  high  water  of  the   tide  to   which  they  were  to   be 
referred,  they  would  not  require  any  correction  ;  but  it  is 
obvious  that  in  practice  this  could  not  be  done ;  and 
recourse  is  consequently  had  to  observations  of  the  rise 
and  fall  of  the  tide  on  graduated  gauges  accurately  con- 
nected by  levelling,  and  from  these  the  reduction  is  easily 
effected.     All  that  is  necessary  for  this  purpose  is,  to 
note  the  time  at  which  the  sounding  is  taken,  and  to 
ascertain,  from  the  tide-gauge  record,  the  height  at  which 
the  tide  stood  on  the  nearest  gauge  when  the  sounding 
was  made,  assuming  that  the  water  was  level  between 
the  gauge  and  the  place  where  the  sounding  was  taken ; 
but  it  will  be  evident  that  it  is  impossible  to  have  a 
gauge  on  shore  opposite  each  cross-section  of  the  river 
that  may  be  taken.     To  show  the  inaccuracies  that  may 
result  from  assuming  the  level  of  the  water  at  one  place, 
to  be  on  the  same  level  as  that  at  another,  higher  up  or 
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lower  down  a  river,  I  may  give  the  following  actual  (not 
hypothetical)  example.  It  is  taken  from  the  Dee, 
Plate  VI.  :— 


Fio.  16. 


Let  F  and  C,  fig.  IG,  represent  the  positions  of  Flint 
and  Connah's  Quay  Tide-gauges,  and  the  intermediate 
point  z  the  place  at  which  the  sounding  was  taken.  Let 
F  C  represent  the  line  of  high  water  to  which  it  is  wished 
to  reduce  the  sounding,  a  h  the  bed  of  the  river,  c  d  the 
low-water  line,  and  e  d  the  tidal  line  which  existed  when 
the  observation  was  made,  which  is  not  imaginary,  but 
will  be  found  to  correspond  with  that  at  10  hours  15 
minutes,  as  represented  in  Plate  VI.  Further,  let  the 
sounding  x  y  —  ^  feet.  Let  the  depth  at  high  water 
z  y  at  the  position  of  the  sounding,  as  measured  on  the 
diagi'am,  =  17  feet  4  inches.  Let  the  rise  of  tide  at 
Connah's  Quay  </  d  =  12  feet  5  inches,  the  rise  of  tide  at 
Flint  cf  =19  feet  8  inches,  and  the  height  at  which  the 
water  had  risen  on  the  Flint  gauge,  when  the  sounding 
was  made,  e  c  =  12  feet  8  inches.     Now  suppose  the 
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sounding  is  to  be  reduced  by  a  reference  to  Connah's 
Quay ;  we  shoidd  have 

zij  =  the  depth  at  high  water  =  8'  +  1 2'.5"  =  20  feet  5  inches, 
instead  of  17  feet  4  inches,  giving  3  feet  1  inch  more  than 
the  actual  depth,  an  error  which  might  lead  to  unplea- 
sant consequences,  both  as  regards  the  navigation  of  the 
river  and  the  j&^ming  of  an  estimate  of  works  for  its 
improvement.  Again,  if  reference  were  to  be  made  to 
FHnt,  we  should  have 

2  2/  =  8'.  4-  (19'.8  - 12^.8)  =  15  feet, 

the  depth  at  high  water,  instead  of  17  feet  4  inches,  being 
an  en'or  of  2  feet  4  inches. 

Now,  the  case  that  has  been  taken,  which,  in  any 
view  of  the  subject,  would  involve  an  error  in  the  depth, 
either  of  3  feet  1  inch,  or  2  feet  4  inches,  is  not  the  worst 
that  may  be  cited ;  for,  under  certain  circumstances,  and  in 
certain  situations,  the  error  would  be  considerably  greater. 

One  method  of  neutralising  these  errors  would  be  to 
take  a  mean,  if  the  sounding  were  taken  midway  between 
two  gauges,  or  a  proportional  quantity  in  proportion  to 
its  distance  from  either:  thus,  in  fig.  16,  seeing  that 
the  sounding  is  midway  between  F  and  C,  the  height  of 
the   water   from    high   water   being    12'.  5"   at   C,   and 

(19'. 8"-  12'. 8")  =  7  feet  at  F, .-.  — ^""^  ^  =  9'.  8i"  =  height 

from  high  water  at  z,  and  depths  9'. 8 J" +  8' =  17'. 8 J" 
=  calculated  depth ;  thus  a  tolerably  accurate  result  can 
be  got  from  the  two  gauges. 

The  high-water  depths  are  not  the  only  results  that 


104  CANAL  AND  RIVER  ENGINEERING. 

would  be  affected.  The  correctness  of  the  section  of  the 
bed  of  the  river,  the  depths  of  the  soundings  when 
reduced  to  low  water,  and  the  heights  of  the  sand-banks 
above  the  low- water  line,  depends  entirely  on  the  accu- 
racy of  the  high- water  depths.  It  is  obviously  of  great 
importance,  therefore,  that  the  engineer  should  not  only 
be  fully  aware  of  the  cause  of  these  errors,  and  the 
extent  to  which  the  results  of  a  survey  may  be  affected 
by  them,  but  also  that  he  should  know,  and  be  able  to 
apply,  where  necessary,  the  means  by  which  they  may  be 
neutralised. 
General  rules  The  erroneous  results  alluded  to  arise  from  the  non- 

soundings,  parallelism  of  the  tidal  lines,  and  it  has  been  stated 
that  the  most  effectual  means  of  avoiding  inaccuracy 
from  this  cause  is  to  increase  the  number  of  gauges ;  but 
even  this  precaution,  unless  carried  to  an  extent  which 
may,  in  ordinary  practice,  be  safely  regarded  as  quite 
unattainable,  would  not  produce  the  desired  effect.  The 
only  really  practicable  cure  which  can  be  applied  is  that 
of  taking  the  soundings  when  the  lines  are  most  nearly 
pai-allel  to  the  line  of  high  water.  That  there  are  not 
only  certain  tides,  but  also  certain  periods  of  every  tide, 
when  this  approach  to  parallelism  is  much  more  near 
than  at  other  times,  has,  it  is  presumed,  been  clearly 
established;  and  in  accordance  with  this  I  gave,  in 
1842,  rules  for  direction  in  making  the  soundings,  the 
con*ectnes8  of  which  I  have  had  repeated  opportunities 
of  practically  testing. 

First,  Soundings  made  in  the  immediate  vicinity  of 
the  gauge,  by  a  reference  to  which  they  are  to  be  cor- 
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rected,  being  not  appreciably  affected  by  deviations  from 
parallelism,  may  be  taken  at  any  time  of  tide,  and  under 
any  circumstances. 

Second,  The  further  distant  the  positions  of  the  sound- 
ings are  from  the  gauge,  by  a  reference  to  which  they  are 
to  be  corrected,  the  greater  is  the  chance  and  the  amount 
of  error  which  may  arise  from  non-parallelism. 

Third,  Soundings  should  be  made  during  neap  in  pre- 
ference to  spring  tides. 

Fourth,  Soundings  should  be  made  in  ebb  in  prefer- 
ence to  flood  tides. 

Fifth,  Soundings  to  be  taken  in  flood  tides,  especially 
during  springs,  should  not  be  made  till  within  about  an 
hour  of  high  water. 

If  these  precautionary  rules  be  kept  in  view,  they  will 
be  found  to  counteract  in  so  great  a  measure  the  effects  of 
non-parallehsm  or  non-horizontality  as  to  insure  in  most 
cases  sufficient  accuracy  for  all  practical  purposes,  in  reduc- 
ing the  observations.  They  apply  most  particularly  to 
rivers  in  which  the  rise  of  tide  is  great  and  the  currents  are 
strong ;  but  they  may  be  said  to  be  applicable,  in  a  greater 
or  less  degree,  to  all  situations,  and  may  be  embraced  in 
these  two  directions,  a  compliance  with  which  does  not 
seem  to  involve  any  great  difficulty :  First,  soundings 
should  not  he  made  during  very  high  tides;  and  secondly, 
cdl  observations  not  made  about  an  hour  before  and  after 
high  water  should  be  confined  to  the  immediate  vicinity  of 
the  gauge  by  a  reference  to  which  they  are  to  be  corrected. 

In  addition  to  the  soundings  which  are  taken  through- 
out the  area  of  an  estuary  during  flood  or  ebb  tide,  it  is 
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useful  to  take  a  series  in  the  navigable  channel  at  low 
water.  The  soundings  belonging  to  the  first  class  require 
to  be  reduced  to  the  high  water  of  ordinary  spring-tides, 
those  of  the  second  or  low- water  series  require  no  reduc- 
tion, unless  the  level  of  the  water  on  the  gauge  shows 
that  the  river  was  in  flood,  and  when  all  of  them  have 
been  laid  down  on  the  chart,  we  shall  have  the  high- 
water  soundings  distributed  over  the  several  sand-banks 
throughout  the  area  of  the  estuary,  and  also  a  line  of  low- 
water  soundings  in  the  centre  of  the  navigable  channel, 
as  shown  in  the  chart  of  the  Lune,  Plate  VIII.,  on  which 
the  soundings  have  been  marked  as  an  illustration.  But 
it  is  stiU  necessary  to  ascertain  the  heights  of  the  sand- 
banks above  low  water.  For  this  purpose,  the  rise  of  the 
tide  at  different  parts  of  the  river  must  be  ascertained ; 
which,  together  with  the  determination  of  the  height  of 
the  sand-banks  above  the  low-water  mark,  is  done  in  the 
following  manner : — 
High  ami  low  From  the  system  followed  in  taking  the  soundings 

inga.  which  I  have  described,  it  is  evident  that  a  high  and  a 

low  water  sounding  nearly  corresponding  in  position  can 
generally  be  obtained  at  all  the  places  where  the  lines  of 
soundings,  which  have  been  taken  during  flood  or  ebb 
tide,  cross  the  low-water  channel.  This  will  be  easily 
understood  by  referring  to  the  chart  of  the  Lune,  although, 
from  the  smalluess  of  the  scale,  the  exact  lines  in  which 
they  were  taken  are  not  very  definitely  exhibited.  Let 
a,  therefore  (without  reference  to  the  Plate),  represent  a 
high-water  sounding  (reduced  to  high  water)  whose 
position  is  in  the  navigable  channel,  and  let  13  be  the 
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low- water  sounding  which  most  nearly  coincides  with  the 
position  of  a.  Then  a  —  ^  will  be  the  vertical  rise  of  tide 
(which  we  shall  call  7)  at  that  point.  The  values  of  7  being 
thus  found  at  as  many  points  as  possible  in  the  channel 
of  the  river,  the  number  of  which  points  will  be  limited 
by  the  number  of  the  lines  of  high- water  soundings  that 
cross  the  low-water  channel,  they  should  be  marked 
on  the  plan  in  large  figures,  as  shown  in  the  chart  of  the  Riie  for 

ascertaiDing  the 

Lune  akeady  refeiTed  to.     Now  the  values  of  the  sound-  rise  of  tide  aud 

height  of  sand- 

Ings  a  a  a,  etc.,  distributed  throughout  the  estuary,  will  banks, 
either  be  equal  to,  greater,  or  less  than,  those  of  7  7  7,  etc., 
which  we  may  suppose  to  represent  the  vertical  rise  of 
tide  at  the  points,  nearest  which  the  soundings  occur,  and 
the  three  results  may  be  expressed  as  follows  :  when 

a  —  -f  ■=  11, 
the  sounding  has  occurred  in  the  navigable  channel  or 
some  deep  pool  in  the  sand-banks,  and  n  —  the  depth  at 
low  water ;  when 

7  =  a, 
the  sounding  has  been  made  exactly  at  the  edge  of  low 
water,  or  perhaps  of  a  pool  on  a  level  with  low  water,  as 
the  case  may  be ;  or,  in  other  words,  at  the  point  where 
the  level  of  low  water  cuts  the  sand-bank ;  and  when 

7  —  a  =  ?i., 
or,  as  it  is  marked  on  the  chart,  —  ?i, 
the  sounding  has  occurred  on  a  sand-bank  or  other  raised 
obstruction,  and  —  n  —  the  height  of  the  bank  above  low 
water.  In  marking  these  soundings  on  the  plan  it  is 
necessary  to  show  the  depths  both  at  high  and  at  low 
water,  and  the  most  convenient  way  of  doing  this  is  to 
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put  them  in  a  fractional  form,  the  depths  at  high  water 
being  placed  as  the  numerator,  and  those  at  low  water  as 
the  denominator,  distinguishing  the  heights  of  the  sand- 
banks above  low  water  by  prefixing  the  negative  sign. 
According  to  this  notation  the  three  results  alluded  to 
would  be  stated  thus  on  the  plan  : — 

a    a  a 

-,    -,  or , 

no         —  n 

according  as  the  sounding  had  been  taken  in  the  low- 
water  channel,  at  its  edge,  or  on  the  top  of  a  sand- 
bank. 

For  an  example  of  this,  Plate  VTII.  may  be  again 
refen-ed  to,  where,  at  a  place  marked  Bafilersford  (nearly 
opposite  the  needle  of  the  compass),  it  will  be  observed,  by 
the  large  figures  at  the  side  of  the  channel,  that  the  rise  of 
tide  is  12  feet  9  inches.     It  will  also  be  seen  that,  at  the 

18"-  9'"- 
middle  of  the  channel,  the  sounding  ^ft  ^i,,.   occurs,  which 

denotes  the  depth  at  high  water  to  be  18  feet  9  inches, 
and  that  at  low  water  6  feet,  the  difference  between  the 
two  quantities  being  12  feet  9  inches,  which  is  the  rise  of 
tide  at  that  place.     On  the  adjoining  sand-bank  there 

gft.    U'n- 

is  a  sounding,   _oft.  iAin.>  denoting  the  depth  at   liigh 

water  to  be  9  feet  1 1  inches,  and  the  height  of  the  sand- 
bank above  the  level  of  low  water  to  be  2  feet  10  inches. 
The  same  notation  will  be  perceived  throughout  the  whole 
of  the  chart  of  the  Lune. 
CroM-secUons,  In  addition  to  the  soimdings,  it  is  veiy  genei*ally 
necessary  to  make  numerous  cross-sections  and  borings 
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of  the  river's  bed,  to  ascertain  the  quantities  and' quality 
of  the  materials  to  be  excavated,  in  order  to  obtain  a 
certain  depth  of  water. 

In  selecting  the  points  at  which  to  make  these  obser- 
vations, the  engineer  must  of  course  be  guided  bj''  the 
object  of  the  investigation,  and  the  formation  of  the  river's 
course.  If  there  be  fords  or  shoals  in  the  bottom,  which 
occasion  obstructions  to  the  navigation,  and  require  to  be 
removed,  one  or  more  lines  of  section  may  be  fixed  on  at 
each  shoal,  according  to  its  extent.  Where,  as  some- 
times happens,  the  channel  is  irregular,  or  has  rock 
occurring  at  various  points,  it  is  often  necessary  to 
obtain,  by  means  of  numerous  cross-sections,  an  exact 
survey  of  the  whole,  or  at  least  of  a  great  part  of  the 
bed,  before  any  distinct  plan  of  operations  can  be  formed  ; 
and  the  depths  of  the  sections  and  borings  may  be 
referred  to  the  same  datum  as  the  soundings  of  the 
depths  of  water. 

Mr.   Henry  Mitchell,   of  the   United   States   Coast  Mr.  Mitcheirs 

i*ii1g  for  (iGtcr* 

Survey,  who  has  published  several  interesting  papers  on  mining  eieva- 
Marine  Surveying,  has  proposed  an  ingenious  method  of  tkiairivrr^'^ 
determining  elevations  along  the  course  of  a  tidal  river  levelling, 
without   the   aid  of  a   levelling   instrument,  which   he 
explains  as  follows  : — "  Set  up  graduated  staves  at  such 
distances  apart  that  the  slacks  of  the  tidal  currents  shall 
extend  from  one  to  another.     By  simultaneous  observa- 
tions,  ascertain  the  difference  in  the  readings  of  those 
gauges,  at  the  slack  between  ebb  and  flood  currents,  and 
again,  the  difference  at  the  slack  between  flood  and  ebb, 
then  apply  the  rule :  The  difference  in  the  elevations  of 
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the  zeros  of  the  gauges  is  equal  to  one  half  the  sum  of  the 
differences  of  their  readings  at  the  tivo  slack  ivaters. 

"In  the  Hudson  I  found  that  staves  10  miles  apart 
could  be  referred  to  each  other  by  this  rule,  and  that  no 
nice  current  observations  were  really  necessary.  The 
slope  is  so  nearly  constant  about  the  time  of  slack  water 
that  an  error  in  this  time  of  a  half  hour,  in  some  cases, 
would  be  of  no  consequence.  The  coincidence  of  time  at 
the  two  gauges,  and  the  careful  reading  of  the  heights,  are 
the  most  important  elements.  I  offer  below  an  illustra- 
tion from  obsei^ations  upon  one  of  the  fourteen  reaches 
examined  during  October  1871  : — 


Black,  Ebb  to  Flood. 

Slack,  Flood  to  Ebb. 

Time. 
H.    M. 

Heights  at 
Barnegat 

Heights  at 
Poughkeepsie. 

Difference. 

Time. 

Heights  at 
Barnegat 

Heights  at 
Poughkeepsie. 

Difference. 

1 

Feet 

Feet. 

Feet     ' 

H.    M. 

Feet 

Feet 

Feet 

10  20 

2  07 

2-86 

0-79 

4  45 

4-24 

5-73 

1-49 

10  25 

2-18 

2-97 

0-79 

4  50 

4-20 

5-66 

1-46 

10  30 

2-27 

307 

0-80 

4  55 

4-12 

5-60 

1-48 

10  35 

2-34 

317 

0-83 

5  00 

4-03 

5-53 

1-50 

10  40 

2-47 

3-27 

0-80 

5  05 

3-99 

5-48 

1-49 

10  45 

2-54 

3-36 

0-82 

5  10 

3-93 

5-40 

1-47 

a=: 

0-80 

5  15 

3-88 

5-35 

1-47 

( 

6  20 

3-88 

6-29 

h- 

1-49 

1-48 

4  (a  +  6)  "il'l 4 la  difference  of  elevation  of  xeroa  of  staves. 
4  (6-0)  =0*34  =  slope  of  surface  at  slack  water." 

It  is  obvious  that  this  method  of  treatment  assumes 
that  the  slope  on  the  surface  of  the  river  during  the  slack 
of  the  e?>6-tide,  is  exactly  equal  in  the  opposite  direction 
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to  the  slope  during  the  slack  of  the  Jlood-tide  ;  that  the 
section  lines  formed  by  the  flowing  and  ebbing  tide  at 
these  periods  are  extremely  regular,  that  the  gradients 
between  the  points  of  observation  are  uniform,  and  that 
the  tidal  Hues  during  the  period  of  observation  are  prac- 
tically parallel.  In  the  river  Hudson  the  tidal  range, 
though  only  about  5^  feet  at  New  York,  is  felt  for  a  dis- 
tance of  150  miles,  as  far  as  Albany,  and  the  tidal  lines 
have  gentle  gradients,  and  in  that  case  Mr.  Mitchell  has 
found  the  method  to  be  applicable ;  but  a  glance  at  the 
tide  lines  in  the  preceding  Plates  will  show  that  it  could 
not  be  applied  to  such  rivers  as  I  have  been  speaking  of, 
where  I  suspect  nothing  short  of  actual  levelling  between 
the  gauges  ^t11  insure  such  a  result  as  can  be  relied  on. 


CHAPTER  Y. 

DISCHARGE   OF   RIVERS — UNDER-CURRENTS — SPECIFIC 
GRAVITIES   OF   WATER,    ETC. 

Discharge  of  rivers — Mode  of  determining  the  velocity  of  a  river ;  by  floats  ;  by 
current-meter — Formulte  for  reducing  the  surface  to  mean  velocity — Methods 
of  ascertaining  discharge  by  formulae — Formula?  generally  applicable,  but 
affording  only  an  approximation — Floods — Discharge  should  be  ascertained 
iu  normal  condition  of  stream — Method  of  gauging  average  discharge, 
exclusive  of  floods — Results  of  formula  destroyed  where  under-currents 
exist — Instruments  for  ascertaining  under-currents — current-meter — Under- 
current floats  used  at  Cromarty  Firth ;  in  deep-sea  researches,  etc. — Cause 
of  undercurrents — Density  of  salt  and  fresh  water — Methods  of  ascertaining 
S})ecimens  of  water  from  different  depths — Different  forms  of  hydrophores 
and  manner  of  using  them — Occurrence  of  fresh  water  in  the  sea — Specific 
gravities  of  fresh  and  salt  water. 

It  is  often  necessary  in  the  practice  of  engineering  to 
determine  the  discharge  of  rivers,  and  the  velocity  and 
direction  of  surface  and  under  currents.  In  some  inves- 
tigations, also,  it  is  desirable  to  ascertain  the  quality  of 
water  taken  from  various  depths  and  at  different  times  of 
tide,  so  as  to  know  the  proportions  of  sea  and  fresh  water 
which  constitute  the  mixture,  and  the  quantity  of  solid 
materials  held  in  mechanical  suspension,  such  as  sand 
or  mud. 

A  few  remarks  on  the  mode  of  conducting  these  dif- 
ferent investigations  will  form  the  subject  of  this  chapter. 

The  most  accurate  method  of  measuring  water  dis- 
charge, is  to  construct  a  gauge- weir  and  ascei'tain  the 
quantity  of  water  flowing  over  it ;  but  as  this  process  is 
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only  applicable  to  small  streams,  it  does  not  come  witliin 
the  scope  of  our  remarks. 

The  discharge  of  a  river  is  best  ascertained  by  making  Discharge  of 

-     .  .  ,.    .  ,.  ,  .  rivers. 

an  accurate  cross-section  oi  the  river,  dividmg  this  into 
compartments,  and  ascertaining  by  floats  or  current 
meters  the  mean  velocity  of  each  compartment ;  then  the 
sum  of  the  are^s  of  the  compartments,  multipUed  by  their 
respective  mean  velocities,  is  the  total  discharge.  In 
gauging  a  river  with  this  object  in  view,  it  is  necessary, 
first,  to  determine  accurately  its  sectional '  area  in  a  Mode  of  taking 
plane,  as  nearly  as  possible  at  right  angles  to  the  direc- 
tion of  the  current.  This  is  done  by  selecting  a  place 
where  the  banks  are  regular,  straight,  the  bed  uniform, 
and  the  stream  tranquil.  A  graduated  wire-rope  or  cord 
is  stretched  across,  as  nearly  as  possible,  at  right  angles 
to  the  direction  of  the  currents.  The  depths  of  water 
are  carefully  taken,  with  a  thin  rod  graduated  to  feet  and 
inches,  at  distances  of  5  feet  or  10  feet  (as  indicated  by 
marks  on  the  rope  or  cord),  according  to  the  minuteness 
of  the  inquiry  to  be  instituted  or  the  irregularities  of  the 
river's  bed,  and,  from  the  data  thus  obtained,  an  accurate 
cross-section  showing  the  sectional  area  of  the  river  can 
be  constructed. 

If  the  velocities  are  to  be  taken  by  floats  and  the  Motieofdeter- 
bed  is  irregular,  more  than  one  cross-section  should  be  di'^ha^e  of 
taken,  so  as  to  obtain  an  average  section,  three  sections  *'^^^'^' 
at  least  being  taken  over  the  length  of  the  float-couree, 
so  as  to  obtain  this.     The  observations  for  the  cross- 
sections  having  been  completed,  the  measurements  for 
ascertaining  the  velocities  should  be  made  immediately, 
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after  having  observed  the  water  level,  and  before  any 
change  in  that  level  can  take  place.  The  velocity  with 
which  the  water  passes  over  the  bed  of  the  river  will  be 
found  to  vary,  gradually  decreasing  from  the  fair-way  or 
deepest  part  of  the  river,  towards  the  sides,  and  to  vary 
also  with  the  depth,  the  velocity  being  found  to  increase 
from  the  surface  for  a  short  distance  down,  until  it  reaches 
a  maximum,  when  it  again  more  rapidly  falls  off  towards 
the  bottom,  except  in  certain  exceptional  cases,  to  be 
afterwards  noticed.  For  the  purpose  of  calculating  the 
discharge,  therefore,  the  mean  velocity  of  each  sectional 
compartment  must  be  determined.  This  is  most  accu- 
rately done,  by  ascertaining  the  surface  velocity,  in  the 
middle  of  each  of  the  compartments,  into  which  the 
transverse  section  of  the  river  is  divided  by  the  sound- 
ings made,  as  already  explained,  and  from  these  surface 
velocities,  by  a  simple  formula,  the  mean  velocity  of  each 
of  the  compartments  can  be  obtained.  The  mean  of 
these,  will  be  the  mean  velocity  of  the  river. 

For  the  purpose  of  ascertaining  the  surface  velocities, 
various  methods  may  be  employed. 
Velocity  got  The  most  common,  but  by  no  means  the  most  satis- 

factory, mode  of  proceeding,  is  to  drop  into  the  water, 
from  a  boat,  a  float  (whose  specific  gravity  is  merely  great 
enough  to  sink  it  to  a  level  with  the  surface),  at  a 
point  about  30  or  40  feet  above  the  line  of  the  commence- 
ment of  the  proposed  float  coui*se  (which  should  be  marked 
by  two  poles),  so  as  to  insure  its  acquiring  the  full 
velocity  of  the  current  before  the  timing  commences. 
An  observer  stationed  at  the  two  poles  observes,  and  sets 


l>y  Hoats. 
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£^oing  a  stop-watch,  exactly  at  the  moment  at  which  the 
float  passes,  and  follows  the  float  down  the  stream  till  he 
reaches  the  line  of  two  other  poles,  which  have  been  fixed 
in  reference  to  the  observations,  when  he  again  observes 
the  exact  moment  of  its  transit  at  the  lower  station,  and 
stops  the  watch.  The  time  elapsed  between  the  two 
transits  is  then  noted,  along  with  the  distance  between 
the  two  places  of  observation,  which,  owing  to  the  iiTe- 
giilarity  of  most  rivere  with  regard  to  width,  depth,  and 
velocity,  can  seldom  be  got  to  exceed  100  feet.  This 
opei'ation  has,  of  course,  to  be  repeated  for  eveiy  com- 
partment of  the  cross-section. 

Certain  disadvantages  attend  the  method  of  measur-  DisaiUantages 

of  floats 

ing  velocities  by  floats,  which  render  it  not  generally 
applicable.  For  example,  it  is  only  adapted  to  rivers  of 
linuted  breadth,  owing  to  the  impossibility  of  an  observer 
being  able  to  discover  with  sufficient  accuracy  the  exact 
time  when  the  float  passes  the  station  lines,  if  it  be 
viewed  from  a  distance,  as,  for  example,  from  the  bank  of 
a  broad  river.  There  are,  however,  gi-eater  objections 
than  this,  which,  when  pointed  out,  will  be  sufficiently 
obvious  to  eveiy  one.  In  any  part  of  the  river's  bed 
passed  over  by  the  floats,  the  slightest  iiTegularity  of  the 
bottom  produces  a  disturbance  in  the  motion  of  the 
stream,  and  alters  the  velocity,  so  that  it  is  not  possible, 
from  the  time  occupied  by  the  passage  of  the  float  over 
the  measured  distance,  to  deduce  the  mean  velocity  at  a 
line  of  cross -section.  Again,  it  is  practically  impossible, 
by  this  method,  to  obtain  a  sufficient  number  of  distinct 
and  independent  observations,  applicable  to    each   com- 
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partment  of  the  stream,  as  the  eddies  and  irregularities 
of  the  current,  which  exist  in  all  rivers,  generally  cause 
the  lines  passed  over  by  the  floats  to  cross  and  interfere 
with  each  other  in  such  a  manner  as  to  destroy  all 
connection  between  any  given  series  of  observations,  and 
the  compartment  of  the  river  whose  mean  velocity  it  is 
intended  to  ascertain. 
By  the  current-        The  great  object  is  to  determine  the  velocity  of  each 

meter.  ,  ... 

portion  of  the  stream,  as  it  passes  a  line  of  cross-section  ; 
and  the  best  way  of  doing  this,  is  to  employ  a  stop-watch, 
and  a  current-meter  or  stream-gauge — an  instrument  of 
great  service  in  such  inquiries.  The  current  impinging 
on  a  vane  causes  it  to  revolve,  and  the  number  of  revolu- 
tions made  by  the  vane  being  registered  on  an  index, 
which  is  acted  on  by  a  set  of  toothed  wheels,  indicates 
the  velocity  of  the  current.  The  meter  will  not  register 
if  the  current  faUs  much  short  of  ^  mile  per  hour,  and 
this  is  its  only  failing. 
woitmann'8  The  coustructiou  of  this  instrument,  and  the  mamier 

ciirrent-iueter.  in  wliich  it  acts,  will  be  best  understood  by  describing 
Woltmann's  current- meter,  the  first  of  the  now  numerous 
forms  of  meter. 

Fig.  1 7  shows  the  meter  drawn  to  a  scale  of  one- third 
of  the  full  size.  In  this  view,  /y  represents  the  diiving 
vane,  which  is  acted  on  by  the  stream,  and  of  which  g 
is  a  plan.  The  plane  of  this  vane  is  twisted,  as  repre- 
sented by  the  dark  shading  in  the  cut,  so  as  to  present, 
not  a  knife-edge,  but  an  oblique  face,  to  the  action  of 
the  current,  which,  by  impinging  on  it,  causes  it  to 
revolve.     On  the  spindle  or  shaft  of  this  vane,  an  endless 
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screw  is  fixed  at  e,  which  works  in  the  teeth  of  the  fii-st 
registering  wheel,  and  causes  it  to  revolve,  when  the 
vane  is  in  motion,  and  the  screw  in  gear-,  a  h  repre- 
sents a  bar  of  brass,  to  which  the  pivots  on  which  the 
registering   wheels   revolve   are   attached.     This   bar   is 


*'A.\1'V* 


Fio.  17. 

movable  on  a  joint  at  h ;  and  at  the  point  a,  a  cord,  a  c, 
is  fixed,  by  pulling  which  the  bar  and  wheels  can  be 
raised,  and  on  releasing  it  they  are  again  depressed  by  a 
spring  at  d.  When  the  end  a  of  the  bar  is  raised,  the 
teeth  of  the  wheel  are  taken  out  of  gear  with  the  endless 
screw,  and  the  vane  is  then  left  at  liberty  to  revolve,  the 
number  of  its  revolutions  being  unregistered  ;  but  when 
the  cord  is  released,  the  spring  forces  down  the  wheels, 
and  immediately  puts  the  registering  train  into  gear,  in 


meter. 
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which  state  it  is  represented  in  the  cut.  A  is  a  stationary 
vane  (which  is  shown  broken  off,  but  measures  about 
9  inches  in  length)  for  keeping  the  plane  in  which  the 
driving  vane  revolves,  at  right  angles  to  the  direction  of 
the  current,  and  k  is  the  end  of  a  wooden  rod,  to  which 
the  meter  is  attached  when  used.  The  different  parts  of 
the  instrument  itself  are  made  of  brass. 
Mode  of  using  The  movable  bar  for  the  registering  wheels,  and  the 
application  of  the  cord  and  spring,  which  have  been  de- 
scribed, afford  the  means  of  observing  with  great  accuracy, 
in  the  following  manner.  The  instrument  having  been 
adjusted  by  setting  the  registering  wheels  at  zero,  or 
noting  in  the  field-book  the  figure  at  which  they  stand, 
the  cord  is  pulled  taut,  so  as  to  raise  them  out  of  gear, 
and  the  instrument  is  then  immersed  in  the  water.  The 
vane  immediately  begins  to  revolve  by  the  action  of  the 
current,  and  is  permitted  to  move  freely  round  until  it 
has  attained  the  full  velocity  due  to  the  stream,  when  a 
signal  is  given  by  the  person  who  observes  the  time,  and 
the  registering  wheels  are  at  that  moment  thrown  into 
gear,  by  letting  the  cord  slip.  At  the  end  of  a  minute 
another  signal  is  given,  when  the  cord  is  again  dmwn 
taut,  taking  the  wheels  out  of  geai%  and  on  raising  the 
instniment  from  the  water,  the  number  of  revolutions  in 
the  ehipsed  time  is  read  off.  This  observation  being 
made  in  the  centre  of  each  compartment  of  the  cross- 
section,  the  number  of  revolutions,  due  to  the  velocity, 
at  each  part  of  the  very  line  where  a  cross-section  has 
been  taken,  is  at  once  obtained. 

Many  improvements  have  been  made  on  Woltmann's 
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meter,  principally  by  recording  to  an  observer  at  the 
surface,  the  speed  of  the  meter,  without  having  to  lift  the 
instrument  from  the  water.  This  may  be  done  either 
electrically,  or  by  making  the  stroke  of  a  hammer,  at 
every  hundred  revolutions  of  the  meter,  audible  at  the 
surface. 

Before  using  a  meter,  of  whatever  type  it  may  be,  it  Mode  of  test- 
is obvious  that  the  value  of  a  revolution  of  the  vane  must 
be  ascertained ;  and  although  this  is  done  by  the  manu- 
facturers, it  is  proper  that  the  scale  of  each  instrument 
should  be  determined  by  the  person  who  uses  it,  and 
that  it  be  tested  if  the  instrument  has  been  out  of 
use  for  some  time,  before  being  again  employed  in  making 
obsei'vations.  A  scale  sufficiently  accurate  for  hydro- 
metric  purposes  where  the  velocities  are  great  may  be 
obtained,  by  immersing  the  instrument  in  some  regular 
channel,  such  as  a  mill-lade  formed  of  masonry  or 
tunber,  where  the  velocity  is  nearly  the  same,  and 
noting  the  number  of  revolutions  performed  during  the 
passage  of  a  float  over  a  given  number  of  feet.  The 
value  of  one  revolution  of  the  instrument  so  determined, 
therefore,  becomes  a  constant  multiplier,  and  the  number 
of  revolutions  being  observed,  the  number  of  feet  passed 
over  by  the  water  in  any  given  intei'val  of  time,  is  ascer- 
tained. 

The  values  of  the  revolutions  may  perhaps  be  more 
accurately  determined  by  placing  two  stakes,  100  feet 
apart,  on  the  banks  of  a  canal.  The  gauge,  attached  to 
a  rod  having  a  knee  or  bend  at  its  extremity,  is  then 
immersed  at  a  short  distance  from  the  stakes,  and  di^awn 
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quickly  through  the  water,  so  as  to  cause  the  vane  to 
revolve.  On  passing  the  first  stake  the  cord  is  slipped, 
and  the  registration  commences.  On  passing  the  second 
stake  the  vane  is  taken  out  of  gear,  and  the  number  of 
revolutions  made  in  passing  over  the  distance  of  100 
feet  gives  their  value.  The  operation  should  be  repeated 
several  times,  alternating  the  direction  in  which  the  gauge 
is  moved  through  the  water,  to  destroy  the  effect  of  any 
small  current  that  may  possibly  exist,  and  the  mean  of 
the  observations  adopted,  to  calculate  the  scale  of  the 
instrument. 

It  must  be  kept  in  view,  however,  that  a  constant 
multiplier  for  all  velocities  is  impossible,  for  the  multiplier 
varies  much  for  low  velocities,  and  becomes  practically 
constant  when  high  velocities  are  recorded,  so  that  where 
great  accuracy  is  required,  the  best  method  Ls  to  observe 
the  multipliers  for  several  velocities,  lay  them  dowTi  on 
paper,  draw  a  curve  through  the  points  so  determined, 
and  measure  off  by  scale,  as  required,  suitable  factors 
for  the  observed  revolutions  of  the  instrument.  This,  of 
of  course,  must  be  repeated  for  each  instrument. 
Forrauiffi  for  Having  thus,  by  means  of  the  meter  or  surface-float, 

surface  to  mean  determined  the  surface  velocity  of  the  river  at  each  of  the 
ve  oc»  y.  compartments  of  the  section,  the  next  step  is  the  reduc- 
tion of  the  observed  surface,  to  those  of  mean  velocities, 
which  is  sometimes  done  by  the  following  rule  of  Dubuat. 
It  is  not  clear  that  Dubuat  meant  this  formula  to  be 
applied  in  the  manner  here  described  ;  on  the  contrary,  it 
rather  appears  that  he  meant  to  deduce  from  a  single 
surface  velocity,  taken  in  the  centre  of  the  stream,  a  mean 
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velocity  applicable  to  the  whole  sectional  area ;  but  it  is 
hardly  possible  to  find  a  river,  with  a  cross-section  so 
symmetrical  as  to  admit  of  a  single  central  observation 
proving  sufiicient,  and  the  formula  is  therefore  often 
applied  to  the  velocities,  as  measured  in  the  centres  of 
the  different  compartments  into  which  the  river  is  divided 
in  making  the  cross-section.  Dubuat's  rule  referred  to 
is  as  follows  : — 

If  unity  he  taken  from  the  square  root  of  the  surface  Dubuat's 

formula  for 

velocity  expressed  in  inches^  'per  second y  the  square  of  the  mean  velocity. 
remainder  is  the  velocity  at  the  bottom,  and  the  mean 
velocity  is  the  half  sum  of  these  two. 
Thus,  let  a  =  the  observed  surface  velocity. 

,,         y8=:the  bottom  velocity,  and 

,,         y=:the  mean  velocity,  all  in  inches  per  second. 

^  =  (Va-l)^andy  =  ^; 

and  hence,  the  mean  velocity  is  directly  deducible  from 
the  surface  velocity  by  the  following  formula  : — 

a  +  (Va-l)2 
^  2 

M.  de  Prony  deduced  from  Dubuat's  experiments  the 

7*782 4-  V 
formula,  mean  velocity  = ^,.  V  where  7=  velocity 

in  feet  per  second  at  surface,  but  whatever  accuracy 
Prony's,  or  any  other  formula,  may  have,  it  cannot  com- 
pare as  regards  accuracy  and  certainty  with  the  method 
of  deducing  the  mean  by  numerous  direct  measurements. 

Dr.  Anderson,  in  measuring  the  discharge  of  the  Tay  at  Methods 

propo.se<l  for 
getting  mean 
*  The  French  inch  =  1  '06578  English  inch.  velocity 

directly. 
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Perth,  used  an  adjustable  float,  which  extended  from  the 
surface  to  near  the  bottom  of  the  river,  and  so  obtained 
at  once  approximately  the  mean  velocity  of  each  compart- 
ment of  the  cross-section  of  the  stream.     It  will  be  seen 

Mitchell's        also  at  page  138,  that  Mr.  Mitchell  used  long  tubes  reach- 
method.  .  1111  n 

mg  to  the  bottom,  and  loaded  so  as  to  float  nearly  verti- 
cally.    He  also  employed  balls  sunk  at  various  depths. 
Cunningham's   Major  Cunningham,  after  most  elaborate  observations  on 

methodfi. 

the  Ganges  Canal,  considers  that  the  best  method  of 
getting  the  mean  velocity,  is  by  means  of  tin  tubes  about 
1  inch  in  diameter,  immersed  to  a  depth  of  '94  of  the 
depth,  at  the  place  of  observation.  He  also  suggests 
formulae,  for  getting  the  mean  velocity  U  : — 

where  Vq  =  velocity  at  surface, 
and  ^2=      ,,         ,,    f  depth  ; 


3 


also  U  =  i   (y-2nH+^'-789H) 

where  H  =  depth. 

Which  means,  that  a  float  with  two  balls  sunk  to 
depths  of  '211  and  789  of  the  depth  respectively,  will 
give  the  mean  velocity  at  once,  and  he  adds,  **  will  be 
found  suitable  at  great  depths,  where  rods  are  inadmis- 
sible." That  such  formula)  are  generally  applicable  would 
Hnriftchcrs      howcvcr  require  to  be  shown  :  but  the  following  ingenious 

methwlwlth  ^  .  . 

meter.  method  for  getting  the  mean  velocity  directly,  was  used 

by  Professor  Harlacher  on  the  Rhine  and  other  rivers. 

He  fixes  a  hollow  rod  vertically  in  the  river,  on  which 
he  makes  a  meter  slide,  and  by  lowering  the  meter 
down  to  the  bottom  at  a  fairly  uniform  rate,  and  bringing 
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it  up  to  the  surface  again  at  a  uniform  rate,  he  gets  the 
mean  velocity  at  once/ 

The  mean  velocities,  however,  whether  obtained  by 
calculation  or  by  direct  measiu-ement,  are  to  be  multi- 
plied into  the  area  of  the  spaces  in  the  centres  of  which 
the  observations  were  made,  in  order  to  obtain  the  cubic 
contents  of  water  discharged  in  each  compartment ;  and 
to  obtain  the  total  or  whole  discharge,  it  is  only  necessary 
to  add  together  the  residts  of  the  observations  made  in 
all  the  different  compartments.  The  apportioning  of  the 
stream  into  different  parts,  and  treating  each  as  a  separate 
channel,  insures  a  much  more  correct  measurement  than 
any  method  which  depends  upon  assigning  to  the  whole 
area  a  common  velocity ;  and  it  is  obvious  that  this 
method  can  be  effectually  followed,  only  by  the  use  of  the  Current-meter 
current-meter,  or  by  any  similar  instrument  which  pos- 
sesses the  advantage  of  confining  its  indications  to  the 
spot  where  the  sectional  area  of  the  river  is  actually 
measured.  Wherever,  as  will  frequently  happen  in  regular 
streams,  the  velocities  of  several  compartments  are  found 
to  be  the  same,  the  areas  of  these  compartments  may 
be  added  into  one  sum,  and  multiplied  by  the  common 
velocity.  It  seems  necessary  to  observe  that  velocities 
exceeding  3  miles  an  hour  are  apt  to  injure  an  instrument 
of  the  size  and  proportions  shown  in  the  cut,  and  that  in 
gauging  more  rapid  rivei"s  an  instrument  of  stronger 
make  should  be  employed. 

The  velocity  of  cuiTeuts  may  also  be  determined  from  velocity  got 

by  logs. 

^  This  result,  although  only  approximate  (as  ^he  factor  for  the  meter  ia  a 
variable),  we  have  found  to  be  reliable. 
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Metlioils  of 
ascertaining 
discharge  by 
surface  slope. 


Definition  of 
terms  used  in 
formula;. 


a  boat  at  anchor,  by  allowing  a  float  or  log  to  run  out, 
(luring  a  given  interval  of  time,  and  observing  the 
quantity  of  graduated  line  which  has  been  let  out.  This 
method  we  have  found  successful  for  measuring  velocities, 
which  are  too  slow  to  affect  the  current- meter.  Some  of 
the  various  forms  of  registering  logs  are  also  very  suitable 
for  such  experiments,  when  the  velocities  are  not  below 
2  miles  an  hour. 

As,  however,  the  numerous  observations  of  velocities 
which  I  have  described  always  occupy  much  time,  many 
formulae  have  been  proposed  to  shorten  the  work,  by 
obtaining  the  discharge  of  a  stream  by  observations  of  the 
gradient ;  but  the  value  of  such  formulae  lies  not  so  much 
in  calculating  the  discharge  of  actual  streams,  as  in  sup- 
plying a  means  of  calculating  the  probable  effect  on  the 
discharge,  gradients,  depth,  etc.,  of  projected  alterations 
on  river  courses — such  as  diversions,  cut-offs,  and  proposed 
abstractions  of  water. 

Before  discussing  these  formulae,  however,  it  is  neces- 
sary to  define  and  explain  certain  terms,  without  which 
the  application  of  the  different  formulae  would  not  be 
intelligible. 

In  dealing  with  the  discharge  of  a  river,  we  are  to 
understand : — 

First,  That  the  slojye,  is  the  fall  on  the  surface  of  the 
water,  and  is  either  expressed  in  feet  per  mile,  or  fidl  in  a 
length  of  unity,  and  is  ascertained  by  levels  carefidly  taken. 

Second,  The  sectional  area,  is  generally  expressed  in 
square  feet,  and  is  ascertained  from  the  section  alreiidy 
described  at  page  113. 
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Third,  The  hydraulic  mean  depth,  is  the  quotient 
given  by  dividing  the  sectional  area  of  the  channel  in 
square  feet,  by  the  wetted  border  or  perimeter  in  lineal 
feet,  also  ascertained  from  the  section. 

Fourth,  The  iTiean  velocity,  which  may  either  be  de- 
duced from  the  surface  velocity  by  formulae,  or  ascertained 
directly  by  measurement,  is  that  velocity  which  is  used 
in  ascertaining  the  discharge. 

Fifth,  The  discharge,  is  the  quantity  of  water  yielded 
by  the  stream  in  a  given  time,  and  is  generally  stated  in 
cubic  feet  per  minute. 

This   treatise    does   not    profess   to    give   a  history  chevy's  fo™wia 

^  found  applic- 

of  hydraulic  formulae,  or  even  to  mention  those  which  able,  but  with 

*'  ^      a  rariable 

have    been    proposed    since    the    days    of    Chezy,    in  instead  of  a 

constant  as  a 

1775,  when  he  brought  out  his  celebrated  formula  co-efficient. 
v  =  c  V  R  S,  but  rather  to  bring  forward  only  those  for- 
midae  which  are  useful  to  the  engineer,  and  leave  those 
who  wish  to  investigate  the  subject  further  to  study 
the  works  themselves,  in  which  the  formulae  have  been 
published. 

In  the  first  edition  of  this  book  it  was  shown  that 
the  formulae  of  Dubuat,  Dr.  Robison,  Leslie,  Ellet,  and 
others  did  not  bear  the  test  of  actual  trial  as  ascertained 
by  careful  observ-ation  and  levelling,  and  that  no  formula, 
such  as  Chezy 's  with  a  constant  co-efficient,  can  be  gene- 
rally applicable. 

This  being  the  result  of  actual  experiment  was 
beyond  dispute,  and  I  proposed  the  following  formulae, 
which  will,  except  in  extreme  cases  of  inclination  and 
discharge,   give    a    pretty    near   approximation    to    the 
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Stevenson's 
formula  with 
his  variable  co- 
efficient of 
discharge. 


Ratter's 
formula. 


velocity  and  discharge,  due  to  a  given  area  and  fall,  viz. : 

x=y  si  af 
_a;X5280 
60 

\)  =  8Z 

in  which  x  —  the  mean  velocity  of  the  whole  section  of  the  stream 

in  miles  per  hour, 
y  =  a  quotient  which  I  have  found  to  vary  from  0-65  for 

small  streams  under  2000  cubic  feet  per  minute, 

to  0-9  for  large  rivers,  such  as  the  Clyde  or  the  Tay ; 
a  —  the  hydraulic  mean  depth  in  feet, 
/=  the  fall  on  the  surface  in  feet  per  mile, 
z  =  the  mean  velocity  of  the  whole  section  of  the  stream 

in  feet  per  minute, 
s  —  the  sectional  area  of  the  stream  in  feet ;  and 
D  =  the  discharge  in  cubic  feet  per  minute. 

D'Arcy  and  Bazin,  and  more  recently  Kutter's  inves- 
tigations, have  substantiated  the  result  come  to  as  stated 
above,  viz. ,  that  Chezy's  formula  is  the  best  as  being  most 
general,  but  with  a  variable  co-efficient,  and  Kutter* 
offers  the  following  value  for  the  variable  c  in  Chezy's 

formula  v  —  c  VR  J 

1-811    .  000281 


41-6  + 


+ 


c  = 


J 


1  +  , 


41-6  + 


000281 
J 


where  v  =  mean  velocity  in  feet  per  second, 
R  =  hydraulic  mean  radius, 
J  =  fall  of  the  surface  in  a  length  of  unity, 
n  ss  co-etticient  of  roughness  =  '025  for  rivers  and  canals  in 
perfect  order  and  regimen. 

It  will  thus  be  seen,  that  Kutter's  value  for  c  varies 

with  the  slope,  and  section,  and  also  with  the  roughness 

of  the  bed. 

*   Tht  New  Formula  for  Mtan  VrlorUy  of  Dischnrr/f  for  PitYrit  nnd  Conalit,  by 
W.  R.  Kutter,  translatocl  by  L.  D'A.  Jackson.     1875. 
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Messrs.  Humphreys  and  Abbot*  suggested  the  follow- 
ing fonnula  :—  Humphreys 
°                                                                                                                                        and  Abbot  8 

V  =  ([  225  risiji  -00388  )' 

,  .  J.  sectional  area 

where  r,=r  pnme  radius  = r , = -— — -—, — 

'  wetted  perimeter + breadth  of  river 

aiid  s  =  iiiclination. 

This  formula  was  shown  by  Kutter,  to  be  only  appli- 
cable to  large  rivers,  with  flat  slopes  like  the  Mississippi. 

It    must   be  kept   in  view,  that  the  application  ofsteveason's 

^  ^^  formula. 

any  known  formula,  involving  the  slope,  to  the  deter- 
mination of  the  mean  velocity  and  discharge  of  a  river, 
is  sho^vn,  by  experimental  inquiry,  to  afibrd  only  an 
approximation,  but  for  rivers  such  as  are  met  with  in 
Britain,  with  neither  excessively  steep  nor  flat  slopes, 
the  formulas  I  have  given  on  page  126,  as  deduced 
from  my  own  observation  and  careful  levelhng,  will  give 
a  pretty  near  approximation  to  the  discharge  due  to  a 
given  section  and  fall,  and,  as  far  as  I  can  ascertain,  as 
accurate  and  as  practically  useful,  as  any  formula  yet 
published ;  and  it  seems  to  me  that  a  fonnula,  which 
professes  to  be  general,  must  have  the  power  of  the  slope 
a  variable,  so  that  with  small  and  steep-sloped  rivers,  the 
velocity  may  vary  with,  say  Vslope,  and  with  large  rivers, 
like  the  Mississippi,  the  velocity  may  vary  with,  say 
Vslope,  or  even  the  Vslope.  t 

In  order   to   render   the   measurement  of  discharge  Summer  water 

level  defineil. 

*  Rejwrt  on  the  Mississippi  River,  1861. 

+  Mr.  R.  Manning,  Engineer  to  the  Board  of  Works,  Ireland,  in  1852  jmb- 
lished  the  general  formula  Q  =  60S  (\'r7f^»»  + '0119- '109)  in  which  Q  =  quantity 
in  cubic  feet  per  minute,  5'= area  in  square  feet,  rf=fall  in  feet  per  mile,  and 
m  =  h3draulic  mean  depth. 
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useful,  care  should  be  taken,  when  the  stream  is  gauged, 
to  ascertain  that  it  is  in  a  normal  condition,  by  which  is 
meant  that  it  is  neither  dried  by  a  long  drought,  nor 
swollen  by  heavy  rains.  The  stream  in  this  noiincd 
condition  is  said  to  be  in  its  state  of  ordinary  summer 
water,  or  at  its  ordinary  summer  water  level. 

It  is  obvious  that  it  is  not  possible  to  offer  any  direc- 
tions for  determining  when  a  stream  is  in  this  noi^nal 
condition,  but  it  will  generally  be  found  that  the  resi- 
dents on  its  banks,  particularly  those  engaged  in  its 
fishings,  if  there  be  any,  can  tell  when  the  water  is  at 
Floods.  ordinary  summer  level.  The  fluctuations  of  a  river,  from 
its  lowest  to  its  highest  state,  are  excessively  capricious, 
the  amount  of  flooding  which  is  ascertained  to  take  place 
in  different  rivers,  having  no  constant  ratio  either  to  the 
summer  water  which  they  discharge,  or  to  the  area 
drained  by  them.  This,  indeed,  does  not  seem  surprising 
when  we  consider  the  very  different  character,  both 
geologically  and  agriculturally,  of  the  districts  through 
which  rivers  flow.  The  di^ainage  area  in  one  situation 
may  include  large  tracts  of  hill  country,  having  steep  and 
scantily  soiled  slopes,  from  wliich  the  rain  is  readily  dis- 
charged ;  in  another  place  it  may  be  flat,  or  gently  rising 
deep  soiled  agricultural  land,  absorbing  much  of  the  rain 
that  falls,  and  giving  it  off  only  by  slow  degrees.  Other 
districts  are  more  or  less  affected  by  their  geological 
formation — some  strata  being  less  absorbent  than  others. 
In  others,  again,  agricultural  improvements  have  an 
influence  on  the  dimnage — sheep-grazing  land  being  less 
absorbent  than  arable  land.     A  lake  on  a  river's  course 
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forms  a  reservoir  for  the  storage  of  surplus  water,  which 
may  check  the  floods  below.  But  again,  as  in  the  case  of 
the  Tay,  which  flows  from  Loch  Tay,  a  sheet  of  water  four- 
teen miles  long  and  three-quarters  of  a  mile  broad,  it  is 
found  that  in  gales  of  westerly  wind  accompanied  by  heavy 
rain  the  lake  water  is  heaped  up  at  the  outlet,  and  greatly 
increases  the  flood  in  the  river;  so  that  even  in  the 
recurrence  of  floods  themselves,  there  are  many  circum- 
stances which  vary  their  effects,  even  in  the  same  district. 
The  heaviest  floods  in  all  rivers  generally  occur  with 
heavy  rain  and  melting  snow,  for  then  the  bed  of  the 
river  has,  it  may  be  said,  to  discharge  a  compound  flood 
made  up  of  melting  snow  and  falling  rain.  The  Moray-  Moraysiure 
shire  flood  in  August  1839  was  an  exception  to  this,  and 
Sir  T.  Dick  Lauder  states,  that  at  several  points  on  that 
occasion  the  Findhorn  at  some  places  rose  31,  40,  46,  and 
even  50  feet,  above  its  summer  water  level.  The  Spey, 
where  fully  a  mile  in  width,  rose  10  feet  2  inches,  and 
where  half  a  mile  in  width,  13  feet  9  inches.  The 
Deveron,  18  feet  4  inches.  The  Don,  18  feet.  The  Dee, 
in  Braemar,  with  average  breadth  of  130  feet,  rose  15  to 
IG  feet.  Between  5  o'clock  in  the  morning  of  the  4th 
August,  and  5  o'clock  on  the  5th,  3|  inches  of  rain  fell. 

The  construction  of  railways  in  India  has  afforded  in- 
teresting information  as  to  the  floods  of  the  gi'eat  Indian 
rivers,  which  are  fully  discussed  in  papers  by  Lieutenant- 
Colonel  O'Connel,^  and  Mr.  Howden.^  The  consideration 
of  the  data  thus  obtained  has  suggested  various  formula? 
for  calculating  the  discharge  due  to  a  given  area,  but  the 

*  Jilinutfif  of  Proceedings  of  Inatituthn  of  Civil  Etujineers,  vol.  xxvii.  p,  204. 
2  Ibid.  p.  218. 
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information  as  to  the  amount  of  flood  water  said  to  have 
been  discharged  from  different  districts  of  country  is  so 
discordant,  that  it  seems  to  me  to  be  impossible,  with 
elements  so  variable,  to  found  any  formula  that  can  be 
generally  useful. 

The  quantity  passing  off  during  high  floods  is  vari- 
ously stated  by  different  authorities,  from  1  foot,  to  30 
cubic  feet  per  minute  per  acre,  according  to  the  district 
in  which  the  observations  were  made.*  But  the  highest 
gauging  I  have  ever  got,  was  1 5  cubic  feet  per  minute  per 
acre,  from  a  town  district  of  630  acres,  after  three  days  of 
nearly  continuous  rainfall.  Thunderstorms  produce  very 
large  discharges,  but  are  of  short  duration.  It  is  stated 
that  in  August  1846,  during  a  thunderstorm,  3 "3  inches 
fell  in  2  hours  and  20  minutes,  being  85  cubic  feet  per 
minute  per  acre.^ 

Perhaps  the  only  general  result  to  be  gathered  from 
the  published  observations  relative  to  floods,  is,  that  the 
flood  discharge  has  a  higher  ratio  to  the  ordinary  discharge 
in  srnall,  than  in  large  rivers.  This  is  due  very  much  to 
the  fact,  that  in  a  small  river  a  rain-fall  affects  every  one 
of  its  feeders,  whereas,  in  a  larger  river,  the  influence  of 
the  rain  is  limited  to  one  portion  of  the  district  only.  If, 
for  example,  such  a  river  as  the  Mississippi  were  subjected 
to  an  increase  of  its  bulk,  similar  to  that  of  small  rivera, 
the  country  through  which  it  flows  would  be  entirely 
devastated.  The  safety  of  such  a  country  is  due  to  the 
important  fact,  that  excessive  falls  of  rain,  like  hurricanes 

*  MintUet  of  Proceedings  of  /mtitution  qf  Civil  Engineers,  vol.  xxL  p.  84,  and 
vol.  Ixvii.  p.  2.33,  and  Trans.  Eotjal  Scot.  Soc.  of  Arts,  vol.  viii. 
'  Parliamentary  Report  on  Metroiwlitan  Main  Drainage,  1858. 
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of  wind,  while  at  the  height  of  their  fury,  are  not  wide 
spread,  but  act  on  a  comparatively  Hmited  portion  of  the 
earth's  surface. 

Tliough  we  cannot,  therefore,  deduce  from  data  so 
arbiti-ary  any  law  applicable  to  rivers  in  all  districts,  we 
are  not  precluded  from  dealing  with  the  different  sizes  of 
floods  dischai'ged  from  any  particular  district ;  and  as  it  is 
sometimes  desii'able  to  ascertain  by  gauging  the  average 
summer  flow  of  a  stream,  I  give  the  following  mode  of 
computing  the  discharge,  exclusive  of  floods,  which  has 
been  proposed  by  Mr.  James  LesUe.^  "  First,  the  gaugings  Mr.  Leslie's 
are  all  to  be  set  down  in  a  table  in  the  order  of  their  gauging  average 
quantities,  beginning  at  the  smallest  and  going  on  to  the  exclusive  or 

Hoods. 

largest,  or  vice  versa..  The  whole  number  of  observations 
is  then  to  be  divided  as  nearly  as  possible  into  four 
equal  parts ;  whereof  the  lowest  fourth  is  held  to  com- 
prehend the  extreme  droughts,  and  the  highest  the  floods. 
The  average  of  the  middle  half  is  to  be  ascertained,  and 
all  above  that  quantity  is  held  to  be  flood-water. 

"  A  new  table  is  then  to  be  constructed,  in  which  all 
the  gaugings  not  exceeding  the  average  of  the  middle 
half  are  put  down  at  their  actual  quantity ;  but  all  above 
the  average  are  put  down,  as  equal  to  that  average  quan- 
tity. The  average  of  the  whole  of  the  new  table  is  to  be 
considered  as  being  a  fair  estimate  of  the  water  flowing 
in  the  stream,  exclusive  of  floods." 

Having  shown  several  methods  of  taking  velocities  Method  of 

in  11  /»!  /»/>!     observing  the 

by  floats,  and  by  cun*ent-meters,  for  the  purpose  of  find-  directions  of 
ing  the  discharge,  it  only  remains  to  describe  one  other 

*  Minutejt  of  Proceedings  of  Institution  of  Civil  Engineers,  vol.  x.  p.  327. 
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method  for  taking  velocities,  and  specially  the  direction 
of  currents.  In  1882  Messrs.  D.  and  T.  Stevenson  were 
engaged  in  taking  observations  of  the  direction  of  the 
currents  at  the  Forth  Bridge  at  Queensferry.  As  the 
object  of  the  investigation  was  to  see  how  a  vessel  be- 
calmed would  drift,  a  float  was  used  reaching  down  into 
the  water,  to  a  depth  equal  to  the  average  draught  of 
the  sailing-vessels  navigating  the  channel.  This  consisted 
of  a  series  of  tin  flasks  joined  together  on  a  cord,  the 
vessels  being  so  filled  with  water  as  to  sink  them,  all  but 
the  top  one,  which  was  empty,  or  nearly  so,  its  neck  only 
protruding  above  the  water. 

The  following  method  was  employed  for  observing 
the  course  of  the  float.  Four  theodolites  were  suitably 
stationed  on  the  shore,  and  on  the  island  of  Inchgarvie ; 
this  number  was  required  to  insiu'e  two  good  obsei'vations, 
which  showers  of  rain,  fog,  or  the  intervention  of  Inch- 
garvie, would  have  rendered  impossible  with  a  less  number. 
The  float  was  put  into  the  water,  and  a  boat  followed  it 
closely.  At  a  stated  period  a  flag  was  hoisted  in  the 
boat,  and  each  observer  turned  his  theodolite  on  it  and 
clamped  it,  and  as  the  float  drifted  with  the  current, 
each  observer  kept  the  cross  hairs  of  his  theodolite  on 
the  flag  by  means  of  the  tangent  screw.  At  the  end  of 
30  seconds  the  flag  was  suddenly  lowered,  and  each 
observer  then  read  his  theodolite.  It  will  thus  be  seen 
that  the  position  of  the  float  from  time  to  time  was  thus 
oljtained,  and  the  elapsed  time  as  noted  by  the  observers 
in  the  boat,  and  distance,  gave  the  velocity  and  form  of 
the  float   couree    however    irregular   or   tortuous    that 
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might  be.  The  great  accuracy  with  which  the  four  lines 
from  the  theodolites  cut  in  a  single  point  showed  how 
very  accurate  this  method  was. 

UNDER-CURRENTS. 

I  must  here  offer  the  caution,  that  those  rules,  from  Fonmiiaj 

1*11  i-'T-ii  1  •         inapplicable 

which  the  mean  velocity  is  deduced,  on  the  assumption  where  under- 

,  .      ,  .  .  _  1      •  1     currents  exist. 

that  it  bears  a  constant  ratio  to  the  surface  velocity,  do 
not  apply  in  many  situations  which  are  within  the  in- 
fluence of  the  tide.     In  surveying  the  Dee  at  Aberdeen  Dee  under- 
current 
m  1812,  for  example,  Mr.  Robert  Stevenson  found  that, 

while  there  was  an  outward  upper  current  of  fresh  water, 
there  was  an  inward  under-cun-ent  of  salt  water ;  so  that, 
although  the  upper  stratum  was  constantly  running  to- 
wards the  sea,  there  was  a  regular  rise  and  fall  of  the 
surface,  produced  by  the  influx  of  the  tidal  waters  below. 
Another  instance  of  such  an  under-current,  though  not 
occasioned  by  the  presence  of  a  river,  was  found  to  exist 
in  a  marked  degree  at  the  Cromarty  Firth,  where  Mr. 
Alan  Stevenson,  in  1837,  found  currents  greatly  exceed- 
ing the  surface  velocity. 

That  under-currents  did  exist  was  known  in  the  year 
1667,  for  Hooke^  pointed  out  that  a  sphere  of  light  wood 
sunk  in  the  sea  and  released,  would  be  extremely  valu- 
able as  a  means  of  detecting  under-currents,  and  measur- 
ing their  direction  and  velocity,  by  watching  when  and 
where  the  ball  would  appear  on  the  surface. 

It  is  essential,  in  some  inquiries,  to  ascertain  at  what  instniments  for 

*8cert*'ning 

depth   the  currents   exist,  and  whether  undei-currents  under-currents. 

»  PkU.  Trans.,  vol  ii.  p.  257. 
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exhibit  the  same  phenomena,  in  regard  to  direction  and 
velocity  as  those  of  the  surface ;  and  as  these  inquiries 
are'  interesting  and  important,  and  have  lately  been  much 
discussed  in  connection  with  deep-sea  researches,  they  are 
worthy  of  detailed  notice. 
Meter  as  For  Small  depths  a  current-meter,  which  has  been 

measure  under-  already  described,  is  a  convenient  and  accurate  instru- 
currents.  meut  for  measuring  the  velocity  of  under-cuiTents,  and 
for  obtaining  their  direction  a  magnetic  needle  attached 
to  the  meter  has  been  suggested.  I  never  used  a  meter 
myself  for  depths  exceeding  a  few  feet,  but  it  has  been 
employed  in  Germany  for  measuring  velocities  at  great 
depth,  by  using  an  apparatus  erected  on  a  platfoim, 
supported  on  two  boats,  and  Raucourt  used  it  to 
measure  the  velocity  of  the  Neva  at  St.  Petersburg,  at 
depths  of  60  feet ;  Defontaine  the  Rhine,  at  upwards  of 
40  feet ;  and  Funk  many  rivers,  at  depths  of  from  40  to 
60  feet.  But  as  its  application  under  such  circumstances 
may  be  regarded  rather  as  a  purely  scientific  than  as  an 
engineering  experiment,  it  is  not  necessary  to  describe  it 
in  this  place.  The  velocity  and  direction  of  deep  marine 
under-currents,  which  it  is  sometimes  interesting  to  know, 
cannot,  however,  be  obtained  by  means  of  a  current-meter, 
and  I  shall  describe  the  plan  for  obtaining  an  approxima- 
tion to  both  the  velocity  and  direction  of  under-cuiTents, 
which  was  devised  and  used,  I  believe,  for  the  first  time, 
Under-current  at  the  Cromarty  Fii-th,  in  1837,  by  the  late  Mr.  Alan 

float  or  ourrent- 

(irag  oaed  »t     Stevenson,  when  he  detected  the  tidal  anomalies  already 

Cromarty  Firth. 

alluded  to.     It  may  be  well  to  explain  that  the  waters 
of  the  Cromarty  Firth  pass  to  and  from  the  sea  through 
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the  narrow  gorge  between  the  Suters  of  Cromarty,  where 
the  width  is  about  4500  feet,  and  the  depth  about  150 
feet.  The  mean  velocity  due  to  the  colmnn  of  water 
passing  this  gorge,  as  deduced  fi'om  the  observed  surface 
velocity,  was  not  sufiBcient  to  account  for  the  quantity 
of  water  actually  passed  during  each  tide,  as  determined 
by  measuring  the  cubical  capacity  of  the  basin  of  the 
firth.  This  led  to  the  observation  of  the  under-currents  velocities  of 
through  the  gorge,  by  means  of  submerged  floats,  and  it  arcilomarty. 
was  foimd  that  during  flood-tides  the  surface  velocity  was 
rS  mile  per  hour;  while  at  the  depth  of  50  feet  the 
velocity  was  not  less  than  4  miles  per  hour,  being  an 
increase  of  2 '2  miles  per  hour.  During  ebb-tide,  the  sur- 
face velocity  was  2  7  miles  per  hour,  and  at  50  feet  it 
was  not  less  than  4  "5  miles  per  hour,  being  an  increase 
of  1'8  mile  per  hour.     The  instrument  by  which  these 


Fig.  18. 


velocities  were  measured  consisted,  as  shown  in  figure  18, 
at  letter  a,  of  a  flat  plate  of  sheet-iron,  measuring  12  by 
18  inches,  having  a  vane  made  of  the  same  material,  and 
measming  4  feet  in  length,  fixed  at  right  angles  to  the 
centre  of  it.    The  lower  edges  of  the  plate  and  vane  were 
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loaded  with  bans  of  iron,  for  the  purpose  of  causing  the 
instrument  to  sink  to  the  requisite  depth  ;  and  it  was  so 
sking  by  the  cords  suspending  it  as  to  preserve  the  sur- 
fiice  of  the  plate  in  a  vertical  plane.  This  apparatus  was 
secured. by  a  cord  of  sufficient  length  to  sink  it  to  the 
required  depth,  and  the  whole  was  attached  to  a  buoy,  h, 
which  floated  on  the  surface,  its  form  being  such  as  to 
produce  little  resistance  to  its  passage  through  the  water. 
The  buoy  served  not  only  to  preserve  the  vane  plate  at 
the  same  depth,  but  also  indicated  its  progress  through 
the  water  in  a  very  satisfactory,  and  often  interesting 
manner. 

The  plate,  sunk  at  the  depth  of  50  feet,  when  acted 
upon  by  the  force  of  a  strong  under-current,  was  hurried 
along,  carrying  the  buoy,  which  floated  on  the  surface, 
along  with  it,  as  shown  by  the  buoy  passing  the  floats 
thrown  out  on  the  water  as  gauges  of  the  velocity  of 
the  upper  current,  one  of  which  is  shown  at  c.  The 
only  precaution  to  be  observed  in  making  such  observa- 
tions, is  to  exclude  that  part  of  the  commencement  of  the 
buoy's  course,  which  is  more  rapid  than  it  ought  to  be, 
owing  to  the  effort  made  by  it  to  overtake  the  plate, 
which,  being  sunk  first,  has  been  influenced  by  the  velo- 
city of  the  under-current  before  the  buoy  has  been 
launched.  It  is  evident  that,  by  means  of  this  simple 
apparatus,  we  can  approximate  to  the  direction  as  well  as 
to  the  velocity  of  under-currents ;  but  it  must  be  kept 
in  view  that  there  are  several  deranging  influences  in 
operation,  which  tend  to  render  the  results  obtained 
merely  approximations  to  the  truth. 
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Since  I  first  described  these  Cromarty  Firth  obser- 
vations in  1 842,  many  efforts  have  been  made  to  ascertain 
the  existence  and  strength  of  under-currents. 

Messrs.  Carpenter  and  Jeffreys,  in  1870,  when  engaged  undercurrent 

float  used  in 

in  their  deep-sea  researches  in  the  "  Porcupine  "  survey-  deep-sea 
ing  ship,  endeavoured  to  ascertain  the  state  of  the  under- 
currents at  the  Straits  of  Gibraltar.^  The  apparatus 
adopted  by  them  for  this  purpose  was  arranged  by  Cap- 
tain Calver,  and  was  identical  in  principle  with  that  " 
employed  at  the  Cromarty  Firth ;  the  only  difference 
being,  that  the  under-current  float  was  composed  of  a 
basket,  with  pieces  of  sail-cloth  fixed  to  it,  and  so  dis- 
posed as  to  catch  the  current.  The  float  was  weighted 
with  lead,  and  the  cord  by  which  it  was  suspended, 
instead  of  being  attached  to  a  float  as  at  the  Cromarty 
Firth,  was  fixed  to  a  boat,  the  drifting  of  which  indicated 
the  force  and  direction  of  the  under-current.  It  does 
not  appear  that  more  than  one  or  two  observations  were 
made  with  this  instrument. 

Captain  Spratt,  who  has  made  sevei-al  observations  under-current 
on  the  imder-currents  of  the  Sea  of  Marmora  and  the  captain  spratt. 
Dardanelles,  in  a  paper  on  the  under-current  theory  of 
the  ocean, ^  states  the  following  with  reference  to  the  plan 
he  adopted  : — "I  never  attempted  such  experiments  by 
the  use  of  any  bulky  object,  such  as  a  boat  that  offered 
great  resistance  to  the  sui-face  current.  I  felt  too  that  a 
fixed  object,  as  a  point  of  reference,  was  always  necessary, 
such  as  a  buoy  or  float  attached  to  a  sinker  actually  on 

1  Rejwfl  Oil  Deep-sea  Researches,  in  July,  August,  and  September  1870,  by 
W.  B.  Carjienter,  M.D.,  F.R.S.,  and  J.  Gwyn  Jeffreys,  F.R.S. 
-  Proceecliiifjs  of  the  Royal  Society,  1871,  p.  528. 
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the  bottom.  Such  observations  for  testing  ocean  currents 
should  only  be  made  in  connection  with  a  fixed  object 
attached  to  the  bottom,  whether  in  2000  or  20  fathoms." 
The  float  which  Captain  Spratt,  after  experience,  found  to 
answer  best,  was  one  of  thin  copper  or  block-tin,  sus- 
pended like  a  kite,  his  observations  being  in  this  respect 
the  same  as  those  at  the  Cromarty  Firth,  while  the 
boat  which  was  moored  at  the  Cromarty  Firth,  in  order 
to  obtain  the  relative  speeds  of  the  surface  and  under- 
current floats,  fulfilled  the  object  of  his  buoy  moored 
with  a  sinker. 
Under-current         Mr.    Henry   Mitchell,    of  the  United   States   Coast 

floats  used  by 

Mr  Mitchell.  Survoy,  doscribes  an  instrument  used  by  him  for  ascer- 
taining the  mean  velocity.  It  consisted  of  a  tin  cylinder, 
a  few  inches  in  diameter,  and  long  enough  to  reach 
from  the  surface  nearly  to  the  bottom.  Tubes  40  feet  in 
length  were  used  for  this  purpose.  They  were  3  mches 
in  diameter,  made  in  separate  sections,  air-tight,  but  with 
stop-cocks  for  letting  in  water,  that  they  might  be  practi- 
cally filled,  so  as  to  sink  to  the  proper  depth.  As  the 
tube  drifted  nearly  upright  in  the  water,  with  its  top 
protruding  a  few  inches  above  the  surface,  its  velocity 
indicated  the  mean  velocity  of  the  stream.  If  it  leant 
backwards  or  forwards,  it  showed  that  its  foot  rested  on 
a  stratum  that  had  greater  or  less  motion  than  the  surface 
drift ;  and  if  its  angle  of  direction  differed  from  that  of 
the  surface  log,  the  action  of  an  under-current  was 
recognised,  whose  course  was  at  variance  with  that  of 
the  surface  drift. 

Mr.  Mitchell  also  says,  that  very  good  results  have 
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been  obtained  by  using  two  hollow  copper  globes  of  2  feet 
diameter  each,  connected  by  ^-inch  wire  rope.  The  sunk 
globe  is  filled  with  water,  but  the  other  is  loaded  only 
enough  to  sink  nearly  to  its  pole.  The  upper  globe  has 
a  log  Hne  secured  to  it,  and  its  motion  is  recorded  at 
the  same  time  that  an  observation  is  made  with  the 
surface  log,  like  the  compound  float  used  by  Dr.  Anderson 
at  the  Tay,  as  already  described. 

Mr.  Mitchell  says,  "Let  us  suppose  that  the  two 
globes  present  equal  efiective  areas  (great  circles)  to  the 
drifts  in  which  they  swim,  then  their  velocity  will  be  a 
true  mean  of  the  rates  of  the  surface  and  under  currents  ; 
i.e.  -J  {x  +  y)  where  x  and  y  represent  respectively  these 
rates.  The  velocity  of  the  under-current  may  therefore 
be  found,  by  subtracting  the  surface  rate  from  twice  that 
of  the  connected  globes." 

This  formula  no  doubt  gives  the  mean  for  the  veloci- 
ties of  the  two  strata  in  which  the  balls  are  floating,  and 
it  would  give  the  mean  for  the  whole  column  of  water, 
provided  there  is  a  regular  gradation  between  these  two 
observed  velocities,  but  it  does  not  provide  for  any  in- 
equality of  velocity,  or  for  any  anomalous  velocity,  such 
as  has  been  stated  to  exist  at  the  Dee  and  the  Cromarty 
Firth.  This  objection  might  perhaps  to  some  extent  be 
removed,  if  it  were  practicable  to  suspend  balls  similar  to 
those  used  by  Mr.  Mitchell,  at  short  intervals  on  the 
wire  rope.  But  for  engineering  purposes,  the  object  of 
ascertaining  the  under-currents  has,  in  my  experience, 
always  been  to  calculate  the  discharge ;  and  it  is  obvious 
that  for  this  purpose  we  must  determine  the  thickness 
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of  the  different  strata  moving  at  different  velocities,  so 
as  to  ascertain  the  different  sectional  areas  to  which  the 
velocities  apply,  and  this  not  at  owe,  but  at  several  points 
on  the  cross  section  of  the  channel  or  passage  through 
which  the  current  was  flowing.  Until  we  have  some 
method  of  ascertaining  the  velocities  at  different  depths, 
and  the  sectional  areas  corresponding  to  these  velocities, 
it  is  not  possible  to  arrive  at  the  discharge,  and  all  obser- 
vation on  the  strength  and  duration  of  under- currents 
must  be  regarded  by  the  engineer,  in  making  calculations, 
to  be  simply  approximate. 
Under-current  In  August  1871  Sir  Goorge  S.  Nares  made  observa- 
sirG.  s.  Nares.  tious  in  H.M.S.  **  Shearwater"  on  the  under-currents  of  the 
Straits  of  Gibraltar,  the  under  float  being  similar  to  the 
one  used  by  Dr.  Anderson  on  the  Tay  in  1831.  Sir  George 
Nares  thus  describes  the  under  floats  or  "  current  drags  :" 
— "  The  current  drags  were  made  of  canvas,  hanging  4  feet 
below  two  Ught  wooden  crossed  yards,  each  4  feet  long, 
secured  in  the  middle,  and  weighted  to  75  lbs.,  the  weights 
being  attached  to  the  bottom  of  the  canvas.  This  was 
suspended  by  a  fine  line  0*2  inch  in  diameter,  hanging 
from  one  end  of  an  iron  buoy  5  J  feet  long,  1  foot  in 
diameter  in  the  middle,  and  pointed  at  each  end,  each 
buoy  being  capable  of  floating  100  lbs.  weight." 

The  force  of  the  upper  ciu*rent  on  the  buoy  jiffected 
the  speed  of  the  current  drag,  and  Sir  George  Nares,  in 
making  a  correction  for  this,  "  estimated  that  the  cuiTent 
drag  wiis  itself  retarded  to  an  extent  equal  to  half  the 
difference  of  their  speeds." 

In  1872,  Captain  W.  J.  S.  Wharton,  in  H.M.S.  "Shear- 
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water,"  in  making  his  most  valuable  observations  on  the  Captain 

Wliarton'« 

currents  of  the  Bosporus  and  Dardanelles,  used  in  his  first  under-current 

I'Mipi    observations. 

observations  *'  one  of  the  same  drags,  and  similarly  fitted, 
as  used  by  Captain  Nares  in  the  Straits  of  Gibraltar." 
But  when  it  was  tried  in  the  swifter  watei'S  of  the  Bos- 
porus, it  was  found  by  Captain  Wharton  not  to  be  able 
to  overcome  the  influence  of  the  surface  stream  on  the 
upper  buoy,  as  in  the  strong  current  the  drag  lay  side- 
ways, and  so  lost  much  of  its  power.  Some  trials  of 
other  drags  were  made,  but  the  one  eventually  chosen 
and  used  was  practically  what  Mr.  Alan  Stevenson 
used  at  the  Cromarty  Firth.  Captain  Wharton  thus 
describes  his  instrument :  "A  flat  board  6  feet  square, 
with  a  wing  at  right  angles  to  the  centre  of  it  2  feet  in 
length.  To  the  extremities  of  this  short  wing  the  sling 
is  made  fast,  and  to  this  sling  the  supporting  line  to  the 
buoy,  is  bent  at  such  a  point  as  will  keep  the  surface  of 
the  drag  vertical  when  the  strain  comes  on.  It  weighs 
70  lbs.  in  air,  and  took  120  lbs.  of  lead  to  sink  it." 

In  the  "  Challencrer  "  Expedition  the  current  drag  and  "Challenger" 

°  ^  _  °  Expedition 

buoy,  used  by  Sir  George  Nares  at  the  Straits  of  Gibraltar,  under-cnrrent 

observations. 

was  employed,  but  the  objections  to  it  stated  above  for 
swift  currents  do  not  apply,  as  the  cun-ents  were  for  the 
most  part  feeble.  Mr.  John  Murray  kindly  supplied  the 
following  description  of  the  method  of  making  .these 
obsei'vations,  tiiken  from  the  *'  Nan-ative  of  the  Ciiiise  of 
H.M.S.  '  Challenger,' "  which  may  be  interesting,  as, 
indeed,  they  are  so  far  novel : — 

"A  boat  was  generally  used  to  obtain  the  current 
observations.     The  first  operation  was  to  find  out  the 
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direction  and  rate  of  the  surface  current,  by  attaching 
the  boat  to  the  dredge  rope  and  letting  it  go  from  the 
ship ;  the  boat  thus  became  anchored  by  the  dredge. 
The  surface  current  log  was  now  hove,  and  allowed  to 
run  out  for  from  six  to  twelve  minutes.  The  cuiTent 
log  ship  was  made  of  a  triangular  piece  of  wood,  with  a 
weight  at  its  apex,  and  it  was  kept  close  to  the  surface 
by  an  oar  lashed  across  its  base ;   the  cuiTent  log-line 


tch  buof 


pixedPOto' 


lOOtnit'Nmtchbuor 


*\  "G^OOfmfbuor 

X^OOtmt  buoy  n^^ 


L 


300  rmtW*teh  buoy 


Scale    or    6    Cables  ■-■  |  icil« 

S  3 


Fio.  19. — Diagram  to  illustrate  the  action  of  the  Current  Drag. 

was  marked  to  fathoms.  When  the  log-line  had  been 
running  a  certain  time  it  was  checked,  and  the  beai'uig 
of  the  log  ship  taken,  which  gave  the  direction  of  the 
current ;  the  number  of  fathoms  run  out,  divided  by  the 
time  it  was  running  (expressed  as  a  fraction  of  an  hour), 
gave  the  velocity  per  hour. 

"  The  current  drag  was  next  lowered  to  a  depth  of 
50  fathoms,  and  the  watch  buoy  attached.     The  boat 
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now  followed  the  buoy,  keeping  close  to  it,  but  taking 
care  not  to  touch  it  in  any  way.  The  surface  current 
log  was  next  put  over  the  boat's  side,  with  a  line  attached, 
and  the  time  when  it  was  put  over  noted.  This  log  was 
now  perfectly  stationary  with  reference  to  the  surface 
water,  moving  exactly  as  the  surface  water  moved,  whilst 
the  watch  buoy  of  the  drag  was  affected  by  the  movement 
of  the  water  at  50  fathoms.  The  boat  continued  to 
follow  the  watch  buoy  for  from  six  to  twelve  minutes, 
after  the  surface  log  had  been  put  over,  paying  out  line 
to  the  surface  log.  After  a  given  interval  the  line  to 
the  surface  log  was  checked,  its  bearings  taken,  and  the 
number  of  fathoms  run  out,  with  the  time  it  took  to  run 
out  registered ;  this  gave  both  the  direction  and  rate  of 
the  movement  of  the  watch  buoy  of  the  drag  through  the 
surface  water;  but  during  this  time  the  surface  water 
itself  may  have  been  moving,  the  actual  movement  of 
the  watch  buoy,  with  reference  to  a  fixed  point,  was 
therefore  represented  by  the  resultant  of  the  movement 
of  the  surface  water  and  the  movement  of  the  watch 
buoy  through  the  surface  water. 

"  Figure  19  shows  the  result  of  the  observations  made 
on  the  currents  on  the  24th  April  1873.  The  surface 
current  was  found  to  be  nearly  N.  60°  E.  0*24  mile  per 
hour;  the  watch  buoy  of  the  drag  at  50  fathoms  was 
found  to  move  E.  024  mile  per  hour  from  the  siuface 
current  log ;  the  movement  of  the  watch  buoy  from  a 
fixed  point,  was  therefore  N.  75°  E.  0'46  mile  per  hour. 
In  the  same  manner  the  current  was  ascertained  at 
100  fathoms,  200  fathoms,  etc. 
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"  These  results  were  assumed  as  giving  the  rate  and 
direction  of  the  current  at  different  depths,  with  sufficient 
accuracy  to  ascertain  any  marked  movements,  but  it  is 
evident  that  they  are  not  strictly  accurate,  as  no  allow- 
ance was  made  for  the  retarding  or  accelerating  influence 
of  the  surface  water  on  the  watch  buoy,  or  of  the  inter- 
mediate water  on  the  line." 

It  will  be  seen  to  be  more  accurate  to  ascertain  the 
currents  in  the  following  manner  : — 

Find  out  the  surface  current,  by  simply  running  out 
the  log  from  a  fixed  point  as  in  the  "  Challenger"  obsei*va- 
tions,  and  note  the  compass  bearing  and  distance  run  in 
the  time.  Next  cast  the  under-current  float  with  watch 
buoy  attached  into  the  sea  at  the  fixed  point,  and  follow 
it  (without  interfering  with  it)  in  a  boat,  paying  out  from 
the  boat  the  graduated  log  line  which  has  been  attached 
to  the  fixed  point.  The  compass  bearing  of  the  fixed  buoy 
from  the  boat,  and  the  distance  run  in  the  time,  will  give 
the  under-current's  direction  and  velocity,  except  in  so 
far  as  they  may  have  been  affected  by  the  watch  buoy 
and  the  intermediate  rope  connecting  them.  This  action 
is  common  to  both  systems,  but  the  system  just  described, 
it  will  be  apparent,  is  superior  to  that  used  in  the 
"  Challenger  "  Expedition  in  many  respects. 
Canw  of  The  remarkable  under-currents  of  the  Cromarty  Firth 

'  are  mainly,  if  not  altogether,  due,  I  believe,  to  the  con- 
figuration of  the  bottom,  and  the  circumstances  under 
which  the  tidal  wave  approaches  and  recedes  from  the 
shore.  A  powerful  oceanic  under-current  during  flood- 
tide  in  a  stratum  of  water  of  high  specific  gravity  and  low 
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tempei'ature,  setting  dead  along  the  coast,  would  natur- 
ally creep  along  the  rising  bottom  of  the  sea,  and  flow 
into  the  deep  inlet  of  the  firth,  mingling  imperfectly  with 
the  surrounding  water,  maintaining  its  character  of  a  dis- 
tinct stream,  and  increasing  the  under-velocity  of  the 
flood-tide ;  and  if  we  suppose  a  similar  rapid  counter- 
cun-ent  to  sweep  along  the  coast  at  ebb-tide,  its  ten- 
dency would  be  to  draw  off  the  lower  stratum  of  denser 
and  colder  water,  and  thus  to  increase  the  velocity  at 
or  near  the  bottom  during  ebb-tides.  Of  the  existence  Gulf  stream. 
of  such  distinct  ocean  currents,  some  at  great  depths, 
and  others  superficial,  maintaining  their  character,  and 
mingHng  slowly  with  the  surrounding  ocean,  there  are 
many  striking  examples ;  among  others,  the  surface- 
current  of  the  Gulf  Stream,  which,  flowing  from  the 
Gulf  of  Mexico,  skirts  the  coast  of  the  United  States, 
and  can  be  traced  as  a  distinct  body  of  water  by  its 
difference  of  temperature  as  far  as  the  banks  of  New- 
foundland. In  the  month  of  July  I  found  the  tempera- 
ture of  the  sea,  as  tested  at  various  points  between  the 
shore  of  America  and  the  edge  of  the  Gulf  Stream,  to 
average  60°  Fah. ;  while  in  lat.  41°  N.,  long.  61°  52' w., 
the  vessel  being  in  the  track  of  the  Gulf  Stream,  the 
temperature  of  the  water  was  70°.  After  leaving  the 
influence  of  the  Gulf  Stream,  the  temperature  within 
a  few  hours'  sail  fell  to  60°,  which  was  the  average  of 
the  observations  made  during  the  remainder  of  the  voy- 
age to  the  English  Channel,  ascertained  as  accurately  as 
the  facilities  granted  to  a  passenger  by  a  packet-ship 
permitted. 
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Undercurrent         Sir    George    Nares    found    that    at    the   Straits    of 

at  Straits  of  ^  ^  ^  /> 

Gibraltar.  Gibraltar  "the  actual  distance  run  by  the  surface  water 
towards  the  Atlantic  during  the  flood  tide  under  the 
most  favourable  circumstances,  viz.,  strong  continuous 
east  winds,  was  only  two  miles,  whilst  the  easterly  set 
was  found  to  be  at  least  ten  miles  during  the  ebb.  But 
the  hottcmi  stratum  was  unaffected  by  the  in-running 
current  from  the  Atlantic,  and  sets  east  or  west,  accord- 
ing to  the  tides,  for  equal  periods,  and  there  is  no  reason 
to  suppose  that  it  is  interfered  with  by  westerly  winds 
as  the  upper  current  undoubtedly  is." 

Captain  Wharton  found  "  that  there  is  a  general 
flow  of  the  Black  Sea  water  through  the  Bosporus  and 
Dardanelles  to  the  Mediterranean,  probably  caused  by 
the  combination  of  three  things — firstly,  the  prevalence 
of  N.-E.  winds  in  the  Black  Sea ;  secondly,  the  excess  of 
water  received  from   the  large  rivers  over  the  amount 

Undercurrents  lost  by  temperature  at  some  seasons ;  and  thirdly,  the 

at  Dardanelles.     -.^,  ....  /"v/»i 

difference  of  specific  gravities  in  the  two  seas.  Of  these, 
my  observation  goes  to  prove  that  the  wind  has  by  far 
the  greatest  influence. 

"There  is  as  general  a  counter-current  setting  up 
under  the  surface  stream  in  an  opposite  direction  from 
the  Mediterranean  to  the  Black  Sea.  This  seems  to  be 
dependent  on  the  surface  current,  for,  when  the  latter  is 
slack,  the  under-current  is  slack  likewise." 
Cause  of  The  cause  of  ocean  currents  is  obscure.     They  no 

doubt  are  occasionally  caused  or  increased  by  gales  of 
wind.  But,  as  I  pointed  out  in  the  firet  edition  of  this 
book,  no  current  can  be  generated  without  a  difference  of 
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head,  which  again  may  be  produced  either  by  a  difference 
of  level,  in  water  of  the  same  density,  or  by  a  difference 
of  specific  gravity  in  columns  of  water  of  the  same  height. 
The  examples  I  have  given  of  the  differences  of  level 
existing  in  rivers  and  estuaries  at  certain  states  of  the 
tide,  afford  sufficient  proof  of  the  existence  of  currents 
from  that  cause.  It  is  not  unusual  to  employ  the  ex- 
pression indraught,  to  describe  the  flow  of  water  into  a 
bay  or  creek,  and  to  hear  it  used,  so  as  almost  to  imply 
the  existence  of  some  inherent  attraction  in  the  bay  or 
creek,  for  the  water  which  flows  into  it.  But  the  flow  of 
water  in  all  such  cases  is  caused  by  the  pressure  due  to 
difference  of  level  or  density,  or  both  combined ;  and  when 
the  bay  or  creek  gets  filled  up,  and  its  surface  attains 
a  sufficient  height  to  balance  the  pressure  of  the  source 
of  its  supply,  or  the  momentum  of  the  moving  column  of 
water,  where  converging  shores  cause  the  level  of  the 
water  to  rise,  the  indraught  disappears. 

Before  leaving  this  part  of  the  subject,  however,  I  must  Density  of  salt 

.  and  fresh  water. 

say  something  more  as  to  the  separation  of  the  under 
from  the  superficial  strata  of  water,  and  explain  that 
other  species  of  disturbance  which  is  due  to  the  different 
density  of  salt  and  fresh  water. 

In  the  Philosophical  Transactions^  for  the  year  1667,  Metiiodsfor 
there  is  a  description  of  an  extremely  ingenious  valved-  specimens  of 
box,  the  invention  of  Hooke.     It  is  probable^  that  Boyle  different  depths. 
shortly  after  used  it  for  bringing  up  his  samples  from 

»  Fhll.  Trans.,  vol.  u.  p.  442,  1C67. 

»  Narrative  Cruise  of  H.  M.  S.  "  Challenger,"  p.  3. 
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various  depths  in  the  English  Channel,  and  finding  their 
specific  gravities.^ 
Salt  and  fresh         The  first  obscrvations,  however,  on  this  subject  to  which 
Dee!  I  shall  refer  were  those  made  by  my  father  on  the  river 

Dee,  in  Aberdeenshire,  in  the  summer  of  the  year  1812, 
when  engaged  in  survejring  that  river  in  reference  to  a 
salmon-fishing  case.^  "  He  observed  in  the  course  of  his 
survey  that  the  cuiTent  of  the  river  continued  to  flow 
towards  the  sea  with  as  much  apparent  velocity  during 
flood  as  during  ebb  tide,  while  the  surface  of  the  river 
rose  and  fell  in  a  regular  manner  with  the  waters  of  the 
ocean.  He  was  led  from  these  observations  to  inquire 
more  particularly  into  this  phenomenon,  and  he  accord- 
ingly had  an  apparatus  prepared,  imder  his  directions,  at 
Aberdeen,  which,  in  the  most  satisfactoiy  manner,  showed 
the  existence  of  two  distinct  layers  or  strata  of  water ; 
the  lower  stratum  consisting  of  salt  or  sea  water,  and  the 
upper  one  of  the  fresh  water  of  the  river,  which,  from  its 
specific  gravity  being  less,  floated  on  the  top  during  the 
whole  of  flood  as  well  as  ebb  tide.  The  apparatus  con- 
sisted of  a  bottle  or  glass  jar,  the  mouth  of  which  mea- 
sured about  2j  inches  in  diameter,  and  was  carefully 
stopped  with  a  wooden  plug,  and  luted  with  wax  ;  a  hole, 
about  half  an  inch  in  diameter,  was  then  bored  in  the 
plug,  and  to  this  an  iron  peg  was  fitted.  To  prevent 
accident  in  the  event  of  the  jar  touching  the  bottom,  it 

*  Boyle's  Works  epitomised  by  Boulton,  vol.  i.  ]>.  281,  1699. 

-  Report  to  the  Earl  of  Abenlcen  aucl  the  other  Proprietors  of  the  "  Raik  " 
and  "  Stell "  Fishings  of  the  River  Dee,  at  Abenlecn,  by  Robert  Stevenson, 
Civil  Engineer,  Edinburgh,  Feb.  1813  ;  and  Stevenson's  lieU-Rock  L'vjhthoutf, 
p.  79. 


UNDER-CURKENTS.  149 

was  coated  with  flannel.  The  jar  so  prepared  was  fixed 
to  a  spar  of  timber,  which  was  graduated  to  feet  and 
inches,  for  the  convenience  of  readily  ascertaining  the 
depths  to  which  the  instrument  was  plunged,  and  from 
which  the  water  was  brought  up.  A  small  cord  was 
attached  to  the  iron  pin  for  the  purpose  of  drawing  it  at 
pleasure  for  the  admission  of  the  water.  When  an  experi- 
ment was  made,  the  bottle  was  plunged  into  the  water  ; 
by  drawing  the  cord  at  any  depth  within  the  range  of  the 
rod  to  which  it  was  attached,  the  iron  peg  was  lifted  or 
drawn,  and  the  bottle  was  by  this  means  filled  with 
water.     The  peg  was  again  dropped  into  its  place,*  and  j 

the  apparatus  raised  to  the  surface,  containing  a  specimen 
of  water,  of  the  quality  at  the  depth  to  ^which  it  was 
plunged.  In  this  manner  he  ascertained  that  the  salt,  Tidai  water 
or  tidal  water  of  the  ocean,  flowed  up  the  channel  of  beiow  river 
the  river  Dee,  and  also  up  Footdee  and  Torryburn,  in  a  ^"^  ^^' 
distinct  stratum  next  the  bottom  and  under  the  fresh 
water  of  the  river,  which,  owing  to  the  specific  gravity 
being  less,  floated  upon  it,  continuing  perfectly  fresh, 
and  flowing  in  its  usual  course  towards  the  sea,  the 
only  change  discoverable  being  in  its  level,  which  was 
raised  by  the  salt  water  forcing  its  way  under  it.  The 
tidal  water  so  forced  up  continued  salt,  and  when  the 
specific  gravities  of  specimens  from  the  bottom,  obtained 
in  the  manner  described,  were  tried,  and  compared  with 
those  taken  at  the  surface,  by  means  of  the  common 
hydrometer  of  the  brewer  (the  only  instrument  to  which 
I  had  access  at  the  time),  the  lower  stratum,  when  com- 
pared with  that  at  the  surface,   was  always  found  to 
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Hydrophores, 
and  manner  of 
using  tbeni. 


possess   the   greater   degree  of  specific  gravity  due  to 
salt  over  fresh  water." 

These  experiments  have  been  subsequently  verified 
on  the  Forth,  the  Tay,  the  Thames,  the  Garonne,  and 
other  places. 

The  instruments  now  used  for  obtaining  water  from 
different  depths  are  more  perfect  in  their  construction 
than  the  original  instrument  used  at  the  Dee,  which  was 
made  for  temporary  use,  various  forms  having  more 
recently  been  tried  by  Scoresby,  Sabine,  Dr.  Marcet, 
Buchanan,  and  others,  but  for  ordinary  engineering  in- 
quiries I  can  confidently  recommend  the  instruments  I  am 
about  to  describe,  which  I  have  termed  hydrophores,  and 
which  I  have  extensively  employed  in  engineering  surveys. 
Fig.  20  represents  a  hydrophore  or  water  bottle  used 
for  procuring  specimens  of  water  from  moderate  depths, 
drawn  on  a  scale  of  one-tenth  of  the  full 
size.  It  consists  of  a  tight  tin  cylinder, 
letter  a,  having  a  conical  valve  in  its 
top,  6,  which  is  represented  in  the 
diagram  as  being  raised  for  the  admis- 
sion of  water.  The  valve  is  fixed  deady 
or  immoveable,  on  a  rod  w^orking  in 
guides,  the  one  resting  between  two  up- 
rights of  bri\ss  above  the  cylinder,  and 
the  other  in  its  interior,  as  shown  in 
faintly  dotted  lines.  The  valve-rod  is 
by  this  means  caused  to  move  in  a  tridy 
vertical  line,  and  the  valve  attached  to 
it  consequently  fills  or  closes  the  hole  in  the  top  of  the 
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cylinder  with  greater  accui*acy  than  if  its  motion  was 
imdii-ected.  A  graduated  pole  or  rod  of  iron,  c,  which 
in  the  diagram  is  shown  broken  off,  is  attached  to  the  in- 
strument, its  end  being  inserted  into  the  small  tin  cylinder 
at  the  side  of  the  large  valve  or  water  cylinder,  and  there 
fixed  by  the  clamp  screws  shown  in  the  diagram ;  the 
bottom  of  the  water  cylinder  may  be  loaded  with  lead 
to  any  extent  required,  for  the  purpose  of  causing  the 
apparatus  to  sink ;  but  this,  when  an  iron  rod  is  used  for 
lowering  it,  is  hardly  necessary.  The  spiudle  carrying  the 
valve  has  an  eye  in  its  upper  extremity,  to  which  a  cord 
is  attached  for  the  purpose  of  opening  the  valve  when  the 
water  is  to  be  admitted,  and  on  releasing  the  cord,  it 
again  closes  by  its  own  weight.  When  the  hydrophore  is 
to  be  used,  it  is  lowered  to  the  required  depth  by  the 
pole  which  is  fixed  to  its  side,  or  if  the  depth  be  greater 
than  the  range  of  the  pole,  it  is  loaded  with  weights  and 
let  down  by  means  of  a  rope  so  attached  as  to  keep  it  in 
a  vertical  position.  Care  must  be  taken,  while  lowering 
or  raising  it,  that  the  small  cord  by  which  the  valve  is 
opened  be  allowed  to  hang  perfectly  free  and  slack. 
When  the  apparatus  has  been  lowered  as  far  as  is  re- 
quired, the  small  cord  is  pulled,  and  the  vessel  is  imme- 
diately filled  with  the  water  which  is  to  be  found  at  that 
depth.  The  cord  being  then  thrown  slack,  the  valve 
descends  and  closes  the  opening,  and  the  instrument  is 
slowly  raised  to  the  surface  by  means  of  the  rod  or  rope, 
as  the  case  may  be,  care  being  taken  to  preserve  it  in  a 
vertical  position.  This  apparatus  is  only  applicable  to 
limited  depths,  but  will  generally  be  found  to  answer  all 
the  purposes  of  the  civil  engineer. 
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Fig.  21. 


The  form  of  hydrophore  represented  in  fig.  2 1  is  used 
in  deep  water,  to  which  the  small  one  just  described  is 
inapphcable.      It    consists   of   an    egg-shaped 
vessel,  letter  a,  made  of  thick  lead,  to  give  the 
apparatus  weight,  having  two  valves,  h  and  c, 
one  in  the  top  and  another  in  the  bottom,  both 
opening  upwards ;  these  valves  (which  are  re- 
presented as  open  in  the  diagram)  are  to  insure 
more  perfect  fitting,  fixed  on  separate  spindles, 
which  work  in  guides,  in  the  same  manner  as  in 
the  instrument  shown  in  fig.  20.     The  valves, 
however,  in  the  instrument  I  am  now  describing, 
are  not  opened  by  means  of  a  cord,  but  by  the 
impact  of  the  projecting  part  d,  of  the  lower 
spindle  on  the  bottom,  when  the  hydrophore  is  sunk  to 
that  depth.     By  this  means  the  lower  valve  is  forced 
upwards,  and  the  upper  spindle  (the  lower  extremity  of 
which  is  made  nearly  to  touch  the  upper  extremity  of  the 
lower  one,  when  the  valves  are  shut)  is  at  the  same  time 
forced  up,  carrying  along  with  it  the  upper  valve  which 
allows  the  air  to  escape,  and  the  water  rushing  in  fills  the 
vessel.     On  raising  the  instrument  from  the  bottom  both 
valves  again  shut  by  their  own  weight  and  that  of  the 
mass  of  lead  d,  which  forms  part  of  the  lower  spindle. 
The  mode  of  using  this  hydrophore  is  suflficiently  obvious ; 
it  is  lowered  by  means  of  a  rope,  made  fast  to  a  ring  at 
the  top,  as  is  shown  in  fig.  21,  imtil  it  strikes  on  the 
bottom,   when  the  valves   are   opened   in   the   manner 
described,  and  the  vessel  is  filled ;  on  raising  it  the  valves 
close,  and  the  vessel  can  be  drawn  to  the  surface  without 
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its  contents  being  mixed  with  the  superincumbent  water 
through  which  it  has  to  pass.  This  instrument  weighs 
about  half  a  hundredweight,  and  has  been  easily  used  in 
from  30  to  40  fathoms  water  in  making  engineering 
siu^eys,  and  could  no  doubt,  if  necessary,  be  employed 
for  much  greater  depths.  It  is  represented  in  the  cut  on 
a  scale  of  one-twentieth  of  the  full  size. 

The  hydrophore  employed  by  the  Scientific  Explora-  Hydrophore 

,  .         used  in  deep-sea 

tion  of  the  Deep  Sea,  in  1870,  was  suggested  by  Admiral  explorations. 
Evans,  and  consisted  of  a  strong  cylinder  of  brass,  26 
inches  long  and  2*3  inches  diameter,  holding  about  60  oz. 
of  water ;  in  the  disks  which  close  it  at  each  end,  there  is 
a  circular  aperture,  into  wliich  a  conical  valve  is  accur- 
ately fitted.  While  this  bottle  is  descending  through  the 
water  with  the  sounding  apparatus,  the  valves  readily 
yield  to  the  upward  pressure,  and  a  continuous  current 
streams  through  it,  but  so  soon  as  the  descent  is  checked, 
either  by  the  arrival  of  the  apparatus  at  the  bottom,  or 
by  a  stop  put  on  the  lines  from  above,  the  valves  fall 
into  their  places,  and  there  enclose  the  water  that  may 
fill  the  bottle  at  the  moment.  The  working  of  this  simple 
apparatus  was  found  to  be  entirely  satisfactory.  It  is 
obvious,  however,  that  the  deep-water  hydrophore  would 
not  be  found  so  useful,  for  the  smaller  depths  requisite  in 
engineering  surveys,  as  the  two  forms  of  the  instrument 
which  I  have  described  and  used  since  1842.^ 

Dr.  Marcet,  in  a  paper  on  the  specific  eravity  of  sea-  ^^-  Marcefs 

\  ,  .  .  liydrophore. 

water,  in  the  Philosophical  Transactions  for  1819,  describes 
an   instrument  he  used  for  obtaining  water  from   the 

*  Preliminary  Report  of  the  Scientific  Exploration  of  the  Deep  Sea,  by  Dr. 
Carpenter,  J.  Gwyn  JeflFreys,  F.R.S.,  and  Wyville  Thomson,  LL.D.,  1870. 
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bottom,  consisting  of  a  cylindrical  vessel  with  an  aperture 
at  either  end  fitted  with  valves  opening  upwards.  These 
valves  when  closed  were  secured  by  springs,  but  were  so 
made  as  to  be  kept  open  by  a  weight  acting  on  the  springs, 
and  suspended  below  the  vessel.  When  this  weight 
touched  the  bottom  the  springs  were  relieved,  and  closed 
the  valves,  which  remained  shut,  and  enclosed  the  speci- 
"  Challenger "   men  of  Water.    The  instruments  used  in  the  "  Challenger  " 

Expedition  .  i>n  i  i*  p-»yrT-»i 

water-bottles.  iiiXpeditiou,  chicfly  the  designs  of  Mr.  Buchanan,  for 
bringing  up  specimens  of  water,  are  well  worthy  the 
study  of  those  who  have  to  investigate  samples  of  water 
from  great  depths ;  but  as  this  subject  is  more  one  of 
experimental  science  than  of  engineering,  I  must  refrain 
from  entering  more  fully  into  it. 

I  do  not  think,  however,  that  these  instruments  are 
so  simple  as  those  shown  in  the  preceding  figures,  pages 
150  and  152,  which,  as  used  in  moderate  depths,  I  never 
found  to  fail. 

In  all  these  experiments,  the  water  being  emptied 
into  bottles,  is  corked  up,  sealed,  and  labelled  with 
certain  numbers,  which  should  be  entered  in  a  book  con- 
taining remarks  as  to  the  place  of  observation,  time  of 
tide,  and  such  other  particulars  as,  from  the  nature  of 
the  inquiry,  seem  to  deserve  notice,  and  the  water  thus 
preserved  may  be  subjected  to  analysis. 
Occurrence  of  The  appearance  of  fresh  or  bmckish  water,  floating  on 

the  sea.  the  surface  of  the  sea,  as  described  at  the  Dee  at  Aber- 

deen, is  no  doubt  familiar  to  most  observers.  It  occure, 
indeed,  more  or  less  at  the  mouths  of  all  rivers,  being  most 
apparent  when  they  are  in  flood,  from  the  browner  tinge 
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given  to  the  water,  which  is  sometimes  discoloured  many 
miles    at    sea.     Father   Manuel    Rodriguez,   a   Spanish  Amazon  traced 
Jesuit,  speaking  of  the  Amazon,  says ' — "  This  river  is  like 
a  tree ;  its  roots  enter  as  far  into  the  sea,  as  into  the  land. 
It  communicates  to  it  a  flavour,  so  that  at  80  leagues 
within  the  sea  its  waters  are  seen,  and  taste  sweet,  and 
in  a  semicircle  of  100  leagues  in  circumference  they  form 
a  gulf  not  the  least  degree  brackish,  so  that  sailors  call  it 
the  fi-esh  sea," — a  statement  which  might  almost  seem 
incredible,  had  not  Sir  Edward  Sabine,  in  1827,  found 
something  which  goes  far  to  bear  out  the  correctness  of 
the  Spaniard's  account,  and  which  he  describes  in  the 
following  words  : — "At  10  a.m.  on  the  10th  of  Septem- 
ber, whilst  proceeding  in  the  full  strength  of  the  current, 
exceeding,  as  already  noticed,  4  knots  an  hour,  a  sudden 
and  very  great  discoloration  in  the  surface-water  ahead 
was  reported  from  the  mast-head,  and  from  the  veiy 
rapid  progress  which  the  ship  was  making  was  almost 
immediately  afterwards  visible  from  the  deck.     Her  posi- 
tion in  5°  08'  north  latitude,  and  50°  28'  west  longitude, 
suflficiently  apprised  us  that  the  discoloured  water  which 
we  were  approaching  could  be  no  other  than  the  stream 
of  the  river  Amazon,  preserving  its  original  impulse  at  a 
distance  of  not  less  than  300  miles  from  the  mouth  of  the 
river,  and  its  waters  being  not  yet  wholly  mingled  with 
those  of  the  ocean  of  greater  specific  gravity,  over  the 
surface  of  which  it  had  pursued  its  course. 

"  We  had  just  time  to  secure  some  of  the  blue  water 
of  the  ocean  for  subsequent  examination  and  to  ascertain 

^  El  Maranam  y  Amazonas,  Madrid,  1684,  p.  IS. 
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its  temperature  before  we  crossed  the  line  of  its  separa- 
tion from  the  river- water,  the  division  being  as  distinctly 
preserved  as  if  they  had  been  different  fluids. 

"  The  direction  of  the  line  of  separation  was  n.w.  by 
N.,  rather  northerly ;  great  numbers  of  gelatinous  marine 
animals,  species  of  the  genus  Physalia,  were  floating  on 
the  edge  of  the  river- water,  and  many  birds  were  fishing 
apparently  on  both  sides  of  the  boundary."^ 
Fresh  water  ill  I  have  Occasionally  seen  these  brownish-coloured 
"  patches  at  a  considerable  distance  from  the  coast,  and  on 
one  occasion,  in  the  Pentland  Firth,  on  drawing  a  bucket 
of  this  brownish  water,  and  comparing  it  with  that  of  the 
sea  after  passing  through  the  patch,  it  was  found  to  be 
distinctly  brackish.  It  is  well  known  to  the  crews  of 
"welled"  smacks  employed  in  cod-fishing  on  our  coasts 
that  they  invariably  lose  a  portion  of  their  live  stock  if 
they  happen  to  encounter  what  they  terra  a  "fresh," 
which  is  believed  by  them  to  be  a  brackish  portion  of 
the  sea,  caused,  no  doubt,  by  the  imperfect  mixtu)*e  of 
the  fresh  water  discharged  from  rivers. 
Specific  I^  subjecting  waters  for  examination  to  ascertain  the 

SStandfreah  proportiou  of  fresh  and  sea  water,  two  methods  may 
be  adopted — first,  by  taking  their  specific  gravity ;  or 
secondly,  by  evaporating  a  certain  quantity,  and  ascer- 
taining the  amount  of  saline  matter  left.  The  result  may, 
in  either  case,  be  to  some  extent  affected  by  the  quantity 
of  vegetable  matter  in  suspension,^  but  it  is  suflSciently 

*  Philoaojthical  Mngaune,  vol.  Ixvii. 

'  The  fact  that  a  sample  of  water  from  an  estuary  is  not  ocean  water  dilut«d 
with  so  much  pure  water,  but  is  ocean  water  diluted  with  river  water,  which  has 
a  certain  proiwrtion  of  dissolved  salts  in  it,  must  be  kept  in  view. 


water. 
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accurate  for  most  engineering  inquiries.  The  specific 
gravity  test  is  the  most  convenient,  and  that  which 
is  generally  adopted,  the  specific  gravity  being  taken 
with  an  ordinary  hydrometer;  the  standard  employed 
is  distilled  water  when  at  the  temperature  of  62°  Fah- 
renheit as  1000.  Dr.  Marcet  says  that  in  general  the 
waters  of  the  ocean,  whether  taken  from  the  bottom  or 
the  surface,  contain  most  salt  in  places  where  the  sea  is 
deepest  and  most  removed  from  land,  and  in  his  tables  of 
experiments  he  gives  the  specific  gravity  of  some  ocean 
samples  as  high  as  1030 '9.  From  various  observations, 
made  at  different  parts  of  our  coasts,  I  am  disposed  to 
state  the  specific  gravity  in  these  localities  at  1026.  I 
have  found  that  in  any  experiments  made  in  our  rivers 
and  estuaries  the  densities  varied  from   1000   to  1026, 

and  occasionally  during  flood- tide  the  difference  in  specific  Greatest  differ- 
ence between 
gravity  between  the  surface  and  bottom  is  very  striking,  surface  and 

bottom  den- 
as  pointed  out  in  Mr.  Stevenson  s  experunents  of  1812  at  sities  during 

Aberdeen.*    Mr.  Stevenson  also  found  on  Loch  Eil  a  great 

difference  on  the  surface  and  deep-water  densities.     At 

the  surface  he  found  the  density  to  be  1008 '2,  at  the 

depth  of  9  fathoms  1025*5,  at  the  depth  of  30  fathoms,  in 

the  central  parts  of  the  Loch,  it  was  1027*2  ;  being  the 

specific  gravity  of  sea- water. '^ 

»  See  also  Mr.  H.  R.  Mill  on  the  Salinity  of  the  Firth  of  Forth,  Proc.  R.  S. 
of  Ed.,  vol.  xiii.  p.  59,  1884-85. 

-  Life  of  Robert  Stevenson,  by  David  Stevenson,  1878 ;  also  Annals  of 
Philosophy,  1817. 


CHAPTER   VI. 

THE  "RIVER   proper"  COMPARTMENT. 

Sizes  of  rivers  proportional  to  the  extent  of  country  drained — The  Mississippi — 
Description  of  its  navigation,  currents,  and  discharge — Works  proposed  for 
its  improvement — Means  used  for  rendering  the  upper  portions  of  small 
rivers  navigable,  by  stanches,  dams,  and  locks — Improvement  of  upi)er 
portions  of  European  rivers,  sue))  as  the  Rhine  and  Danube — Prevention 
of  flooding  by  means  of  "  cuts." 

In  following  out  the   division  of  the  subject  proposed 
at  the  conclusion  of  Chapter  III.,  I  have,  in  treating  of 
rivers,  to  consider  in  the  first  place  what  has  been  termed 
the  upper  or  **  river  proper  "  compartment.     And  as  re- 
gards the  use  made  of  such  streams  for  the  purposes  of 
navigation,  or  the  works  calling  for  the  engineer's  assist- 
ance to  render  them  navigable,  there  is  not  much  to  refer 
Sizes  of  rivers    to  in  this  couutry.     The  magnitude  of  a  river  and  its  use- 
the  extent  of     fulness  for  navigation  may  be  said,  under  certain  condi- 
drained.  tious,  to  be  proportional  to  the  extent  of  country  which  is 

drained.  Thus  in  continents  we  find  rivens  of  great 
magnitude,  fed  by  the  drainage  of  vast  tracts  of  surround- 
ing land,  rolling  their  contents  in  a  broad,  deep  current 
to  the  ocean,  and  affording  a  highway  for  vessels  of  the 
largest  class  to  pureue  their  course  for  hundreds  of  miles 
into  the  interior  of  the  countiy.  Of  such  is  the  Mississippi, 
which  maintains,  for  a  distance  of  nearly  1200  miles 
above  New  Orleans,  an  average  breadth  of  3300  feet,  and 
a  depth  of  115  feet.     The  Ohio,  which  joins  it  at  this 
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place,  is  navigable  to  Pittsburgh,  where  I  have  seen  from 
thirty  to  forty  large-sized  steamers  lying  at  the  quays  of 
that  truly  inland  port,  which  were  all  engaged  in  trading 
to  New  Orleans,  on  the  Gulf  of  Mexico,^  being  a  river- 
navigation  of  upwards  of  2000  miles. 

In  considering  the  improvement  or  maintenance  of 
such  a  navigation  as  this,  the  engineer  has  to  deal  chiefly 
with  the  control  of  the  enormous  body  of  water  which  it 
discharges.  His  difficulty  does  not  consist  in  deficient 
depth  or  breadth  of  navigable  channel,  but  in  the  magni- 
tude of  the  floods  with  which  he  has  to  contend,  and  the 
provision  he  has  to  make,  for  retaining  them  within  such 
limits,  as  to  secure  the  safety  of  the  siu-rounding  district. 

In  less  extended  tracts  of  country  than  the  valley  of 
the  Mississippi,  the  rivers  are  proportionally  smaller ;  and 
when  we  come  to  consider  our  own  island,  we  find  that  its 
area  and  drainage  are  only  sufficient  to  supply  streams  of 
the  smaller  class. 

The  Mississippi  is  the  most  gigantic  river-navigation  The  Mississippi, 
in  the  world,  and  some  facts  as  to  its  navigation,  taken 
from  the  elaborate  report  of  Mr.  Charles  Ellet,^  which  was 
made  to  the  Government  of  the  United  States,  cannot  fail 
to  interest  the  engineer,  and  will  not,  I  am  sure,  be  con- 
sidered out  of  place  in  this  work ;  for,  although  they 
cannot  be  said  to  apply  to  British,  or  even  European 
rivers,  they  will  at  least  best  serve  to  show  by  comparison 
the  smallness  of  our  own  rivers  when  I  come  to  speak  of 
them. 

*  Sketch  o/Cieil  Engineering  of  North  America,  by  David  Stevenson,  C.E. 
>  The  Misaigaippi  and  Ohio  Rivers,  by  Charles  Ellet,  Philadelpfaia,  1853. 
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It  appears,  from  the  information  given  in  Mr.  Ellet's 
work,  that  the  Mississippi  varies  from  2200  to  5000  feet 
in   width,  the  average  width   being   assumed   as    3300 
feet.     It  is  from  70  to  180  feet  in  depth,  the  average 
being  115  feet.     The  area  of  the  cross-section  varies  from 
105,544  square  feet  to  268,646  square  feet,  the  average 
being  200,000  square  feet.     The  length,  from  its  junction 
with  the   Ohio  to  the  Gulf  of  Mexico,  is  1178  miles, 
and  its  average  fall  at  full  water  is  3  J  inches  per  mile, 
and  in  absence  of  floods  (or  during  summer  and  autumn) 
2-j^  inches  per  mile.     The  length  of  the  Ohio,  from  its 
junction  with  the  Mississippi  to  Pittsburgh  (the  head  of 
the  navigation  for  large  vessels),  is  975  miles,  and  the 
average  inclination  is  about  5|  inches  per  mile.     From 
Pittsburgh  to  Olean  Point,  the  head  of  the  navigation  for 
small  vessels,  the  distance  is  250  miles,  and  the  inclina- 
tion 2  feet  10  inches  per  mile.     When  the  water  is  high, 
even  steamboats  have  ascended  to  Olean  Point,  which  is 
2400  miles  from  the  Gulf  of  Mexico ;  and  in  doing  so, 
have  had  to  overcome  a  current,  which  at  some  places 
runs  with  a  velocity  of  5  miles  per  hour.      Generally 
speaking,  vessels  have  no  diflBculty,  in  the  lower  or  more 
open  part  of  the  stream,  in  avoiding  the  strength  of  the 
currents  by  keeping  in-shore.     But  in  the  Ohio  much  in- 
convenience is  felt  during  dry  seasons  from  the  currents 
at  certain  parts  of  the  river ;  and  I  have  seen  a  steamer 
unable  to  overcome  them,  mitil  assisted  by  a  warp  attached 
to  an  anchor  dropped  ahead  of  the  vessel,  in  the  middle 
of  the  channel,  by  which,  after  considerable  detention, 
she  was  "  warped  through  the  rapid  ;"  there  are  no  such 
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shoals,  however,  in  the  Mississippi,  nor  indeed  below 
Louisville  on  the  Ohio.  The  discharge  of  the  Mississippi^ 
is  computed  by  Mr.  Ellet,  at  high  water,  at  1,280,000  cubic 
feet  per  second ;  and  its  drainage  area  he  estimates  at 
1,226,600  square  miles.  When  the  autumnal  rains  set 
in,  the  river  rises  above  its  summer  level  to  the  enormous 
extent  of  about  40  feet  at  the  mouth  of  the  Ohio,  and  20 
feet  at  New  Orleans.  In  investigating  the  physical  char- 
acteristics of  this  mighty  stream,  Mr.  Ellet  found — 1st, 
That  the  average  surface  velocity  in  the  centre  of  the 
river  was  5  miles  per  hour,  and  occasionally  the  speed 
reached  7  miles  per  hour;  2d,  By  using  under-current 
floats,  he  found  that  the  speed  of  a  float,  supporting  a 
line  of  50  feet  long,  was  always  greater  than  that  of  the 
surface  float — the  average  increase  of  velocity  being  2  per 
cent. ;  Sd,  The  results  of  the  experiments  made  lead  him 
to  conclude  that  the  mean  velocity  of  the  Mississippi  is 
about  2  per  cent,  greater  than  the  mean  surface  velocity ; 
ith,  In  coming  to  this  conclusion,  no  account  is  taken  of 
such  observations  as  show  remarkable  under-currents,  the 
velocity  of  which  were  in  some  places  found  to  be  17  per 
cent,  and  20^^  per  cent,  greater  than  the  surface  velocities ; 
5  th,  While  the  mass  of  water  which  the  channel  of  the 
Mississippi  bears  is  running  downwards  with  a  central 
velocity,  the  current  next  the  shore  is  sometimes  found 
to  be  running  upwards,  or  in  the  opposite  direction,  at 
the  rate  of  1  to  2  miles  per  hour ;  6th,  While  the  water 
is  running  downwards  in  the  one  side  of  the  river,  it  is 
often  found  with  an  appreciable  slope,  and  visible  current 

*  Mr.  E.  L.  Corthell  gives  the  flood  discharge  at  1 ,000,000  cubic  ft.  per  second. 

L 
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running  upwards  on  the  other  side  of  the  river ;  7th,  The 
surface  of  the  river  is  therefore  not  a  plane,  but  a  pecu- 
liarly compHcated  warped  surface,  varying  from  point  to 
point,  and  inclining  alternately  from  side  to  side.  After 
considering  all  the  conflicting  results  derived  from  his 
investigations,  Mr.  Ellet,  in  order  to  obtain  the  mean  velo- 
city and  discharge  of  the  river,  employed  the  formula — 

M=0-8  V 
Ma  =  D 
where  V  =  the  velocity  of  central   surface  current  in   feet  per 
second, 
d  =  maximum  depth  of  river  in  feet  at  place  of  observation, 
/  =  slope  of  surface  in  feet  per  mile, 
M  =  the  mean  velocity  in  feet  per  second, 
a  =  area  of  cross-section  of  river  in  feet, 
D  =  discharge  of  river  in  cubic  feet  per  second. 

In  discussing  the  various  formulae  for  velocities  and 
discharges,  in  the  second  edition  of  this  book,  it  was  shown 
that  the  formula  applied  to  the  Mississippi  by  Mr.  EUet 
does  not  apply  to  such  rivers  as  the  Tay,  or  to  smaller 
water-courses ;  and,  indeed,  vmtil  the  result  which  he  has 
given  has  been  compared  with  the  discharge  obtained  by 
actual  measurement  of  the  velocities  at  different  parts  of 
the  cross-section,  we  do  not  think  that  the  discharge  of 
the  Mississippi,  which  has  been  calculated  by  Mr.  Ellet, 
can  be  rehed  on  as  accurate. 

The  "  peculiarly  warped "  form  assumed  by  the  sur- 
face from  side  to  side  and  from  point  to  point  of  the 
water,    is    an    interesting    feature,   which    rendens   any 
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gauging  of  the  discharge  exceedingly  difficult,  and  may, 
I  think,  be  accounted  for  on  the  "principle  of  the  con- 
servation of  energy,"  which  is  more  fully  noticed  in  the 
chapter  on  tidal  rivers.  If  we  can  imagine  an  upright 
wall  opposed  as  a  barrier  across  the  column  of  water 
moving  down  the  Mississippi,  so  as  to  arrest  its  progress, 
the  surface  of  the  water  would  not  rise  equally  against 
the  face  of  the  wall  or  bamer  from  side  to  side  of  the 
river.  The  rise  or  elevation  of  the  surface  would  be 
highest  where  the  momentum  of  the  water  was  greatest. 
Thus,  for  example,  in  a  bridge  the  water  rises  highest  on 
the  cut-waters  of  those  piei's  which  stand  in  the  greatest 
depth  and  strongest  current,  and  so  at  the  Mississippi  the 
column  of  water,  though  not  stopped  by  a  solid  obstruc- 
tion, is  nevertheless  opposed  by  numerous  contractions, 
abrupt  bends,  and  islands  causing  the  surface  to  rise 
unequally,  and  thus  to  generate  counter  or  side  ciu-rents 
and  all  the  disturbance  due  to  unequal  pressure  which 
Mr.  Ellet  describes. 

The  chief  object  of  the  investigations  made  by  Mr.  Mississippi 
Ellet  was  the  prevention  of  floods,  which  have  recently 
increased  both  in  number  and  extent.    This  he  attributes — 

First,  To  extended  cultivation,  by  which  evaporation 
is  supposed  to  be  diminished,  the  drainage  increased,  and 
the  floods  hurried  forward  more  rapidly  into  the  country 
below. 

Second,  To  the  extension  of  the  embankments  along 
the  banks  of  the  Mississippi  and  its  tributaries,  by  which 
water  that  was  fonnerly  allowed  to  spread  is  now  con- 
fined to  the  channel  of  the  river. 
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Third,  To  what  are  termed  cut-offs,  or  straight  cuts, 
by  which  the  distance  is  shortened,  and  the  slope  and 
velocity  increased,  so  that  the  water  is  brought  down 
more  rapidly  from  the  country  above. 

Fourth,  To  the  gradual  extension  of  the  delta  into  the 
sea,  so  as  to  lengthen  the  lower  course  of  the  river,  to 
diminish  the  slope  and  velocity,  and  thus  to  throw  back 
the  water  on  the  land  above. 

The  works  suggested  for  protecting  the  country 
against  floods  are — 

First,  More  sufficient  embankments. 

Second,  The  prevention  of  further  cut-offs,  or  works 
for  straightening  the  upper  parts  of  the  tributaries  of  the 
river. 

Third,  The  enlargement  of  the  seaward  channels  or 
outlets.     And 

Fourth,  The  creation  of  large  artificial  reservoirs,  by 
placing  dams  across  the  outlets  of  the  lakes  or  distant 
tributaries,  so  as  to  compensate  for  the  loss  of  the  natural 
overflow  of  the  water,  which  is  checked  by  the  embank- 
ments for  protecting  the  country  in  the  lower  part  of  the 
river. 

I  am  not  aware  whether  any  of  Mr.  EUet's  sugges- 
tions have  been  carried  out. 
Mississippi  His  report  had  reference  chiefly  to  the  question  of 

drainage, — an  important  one  in  a  district  where  the  flood- 
waters  of  the  river  attain  an  elevation  considerably  higher 
than  the  adjoining  country.  Mr.  Ellet  says  that  the  river 
carries  at  all  times  a  vast  amount  of  earthy  matter,  which 
the  current  is  able  to  carry  forward  as  long  as  the  river  is 


Dalta 
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confined  to  its  channel ;  but  when  the  water  overflows  its 
confining  embankments,  it  deposits  the  particles  in  sus- 
pension on  either  side,  leaving  the  heavier  matter  nearest 
to  the  river ;  consequently  the  borders  of  the  river,  which 
receive  the  first  and  heaviest  deposit,  are  raised  by  suc- 
cessive floods  above  the  general  level  of  the  delta,  and 
ultimately  assume  a  cross-section  similar  to  that  shown 
in  fig.  22,  where  the  horizontal  dotted  Hne  shows  that  the 
surface  of  the  river  is  higher  than  the  level  of  the  land 
on  either  side.  Mr.  Ellet  gives  this  as  an  average  section, 
obtained  fi-om  a  number  of  surveys  made  at  the  lower 
part  of  the  delta,  and  states  that  the  land  is  from  18  to 
20  feet  lower  than  the  river. 


Fio.  22. 

The  Mississippi  and  its  tributaries  drain  the  whole  of 
the  North  American  continent,  which  extends  from  north 
to  south  between  the  Great  Northern  Lakes  and  the 
Gulf  of  Mexico,  and  from  east  to  west  between  the  ranges 
of  the  Alleghany  and  Rocky  Mountains.  These  fertile 
valleys  include  nine  of  the  United  States  of  America. 
The  geological  formation  of  the  country  shuts  up  this 
immense  tract  of  land  from  any  direct  communication 
with  the  seas  which  wash  the  eastern  and  western  coasts 
of  the  continent ;  for  if  we  trace  upwards  in  their  courses 
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of  many  hundred  miles  through  the  eastern  States,  these 
numerous  large  navigable  rivers  which  discharge  into  the 
Atlantic,  we  find  them  holding  the  character  of  streamlets, 
long  before  we  penetrate  even  to  the  range  of  these  fertile 
valleys ;   and  on  the  western  coast  of  the  country  the 
range  of  the  Rocky  Mountains,  extending  along  the  shores 
of  the  Pacific,  presents  an  insurmountable  barrier  to  any 
direct  water-communication  with  that  ocean.    The  Missis- 
sippi,   however,  and   its   numerous  tributaries,   afford  a 
perfect  and  easy  access  to  the  remotest  corner  of  these 
regions.      The  source  of  the  river  is  said  to  have  been 
discovered,  in  the  year  1832,  to  the  westward  of  the 
Great  Lakes,  at  the  distance  of  about  3000  miles  from  the 
Gulf  of  Mexico,  and  at  an  elevation  of  about  1500  feet 
above  its  surface.     The  river  flows  from  its  source  as  a 
smaU  stream,  arid,  gradually  gathering  strength,  passes 
over  the  falls  of  St.  Anthony,  after  which  at  every  stage 
of  its  course  it  gains  accessions  of  strength  from   the 
numerous  small  rivers  that  pour  in  their  tributary  streams 
from  all  directions,  until  it  is  joined  by  the  great  Missouri. 
The  character  of  its  water,  formerly  clear  and  tranquil,  is 
here  completely  changed,  and  the  combined  streams  of 
two  rivers  flow  on  in  a  deep  and  muddy  current.     The 
Ohio,  the  Arkansas,  the  Red  River,  and  many  other  large 
streams,  fall  into  this  giant  of  rivers,  which,  swelled  by 
the  waters  of  its  various  tributaries,  at  last  pours  into 
the  Gulf  of  Mexico.^     The  aggregate  length  of  the  various 
tributaries  of  the  Mississippi  has  been  computed  to  be 
upwards  of  44,000  miles. 

*  Stevenson's  American  Engineering. 


THE   "RIVER   proper"  COMPARTMENT.  167 

But  leaving  the  class  of  giant  rivers,  of  which  the 
Mississippi  is  a  type,  and  which,  without  the  help  of 
artificial  works,  afford  ample  width  and  depth  for  ex- 
tended lines  of  navigation,  we  shall  consider  the  means 
used  for  rendering  the  upper  portions  of  the  smaller 
class  of  rivers  navigable. 

Telford  says,^  "  A.  river,  in  its  natural  current,  is  more  Means  used  for 
or  less  deep  from  circumstances  which  need  not  here  be  upper  portions 
described,  and  its  navigation  is  usually  impeded  by  shal-  navigable. 
lows  and  rapids — inconveniences  which  the  ingenuity  of 
man  has  striven  to  overcome,  ever  since  his  boats  became 
too  large  and  too  heavy  for  portage,  as  is  still  in  use  for 
conveyance  by  canoes  in  the  North  American  fiir-trade. 
The  first  expedient  which  occiu-red  was  to  thrust  the  boat 
as  nearly  as  possible  to  the  rapid,  and  having  well  fas- 
tened her  there,  to  await  an  increase  of  water  by  rain ; 
and  this  was  sometimes  assisted  by  a  collection  of  boats, 
which,  by  forming  a  kind  of  floating  dam,  deepened  the 
water  immediately  above,  and  threw  part  of  the  rapid 
behind  themselves.     This  simple  expedient  was  still  in 
practice   at   Sunbury,   on  the   river  Thames,   since   the 
beginning  of  the  present  century ;    and   elsewhere  the 
custom  of  building   bridges  almost  always  at  fords  to 
accommodate  ancient  roads  of  access,  as  well  as  to  avoid 
the  difficulty  of  founding  piers  in  deep  water,  afforded 
opportunity  for   improvement   in   navigating   the   rapid 
formed  by  the  shallow  water  or  ford  ;  for  a  stone  bridge 
may  be  formed  into  a  lock  or  stoppage  of  the  river  by 
means  of  transverse  timbers  from  pier  to  pier,  sustaining 

»  Telford's  Life,  p.  57. 
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Stanches. 


Still-water 
navigation. 


a  series  of  boards  called  paddles,  opposed  to  the  strength 
of  the  current,  as  was  heretofore  seen  on  the  same  river 
Thames,  where  it  passes  the  city  of  Oxford  at  Friar 
Bacon's  Bridge,  on  the  road  to  Abingdon.  Such  paddles 
are  there  in  use  to  deepen  the  irregular  river  channels 
above  that  bridge ;  and  the  boat,  or  collected  boats,  of 
very  considerable  tonnage,  thus  find  passage  upwards  or 
downwards,  a  single  arch  being  occasionally  cleared  of  its 
paddles  to  afford  free  passage  through  the  bridge." 

Sir  WilHam  Cubitt  also  says,  there  were  thirteen 
old  stanches,  as  they  were  called,  on  the  Stour,  in  Essex. 
These  consisted  of  two  substantial  posts,  which  were 
fixed  in  the  bed  of  the  river  at  a  sufficient  distance  apart 
to  permit  a  boat  to  pass  easily  between  them,  and  con- 
nected at  the  bottom  by  a  cross  cill.  Upon  one  of  these 
posts  was  a  beam  turning  on  a  hinge  or  joint,  and  long 
enough  to  span  the  opening.  When  the  "stanch"  was 
used,  the  boatman  turned  the  beam  (which  was  above 
the  level  of  the  water)  across  the  opening,  and  placed 
vertically  in  the  stream  a  number  of  narrow  planks  rest- 
ing against  the  bottom  cill  and  the  swinging  beam,  thus 
forming  a  weir  which  raised  the  water  in  the  stream  about 
5  feet  high.  The  boards  were  then  rapidly  withdi-awn, 
the  swinging  beam  was  turned  back,  and  all  the  boats 
which  had  been  collected  above  were  carried  by  the  flo>' 
of  water  over  the  shallow  below.  By  repeating  this  oj^ra- 
tion  at  given  intervals,  the  boats  were  enabled  to  pro- 
ceed a  distance  of  about  23  miles  in  two  or  three  days. 

This  primitive  system,  which  was  at  one  period  very 
common  in  England,  has  been  superseded  by  throwing 
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permanent  or  fixed  dams  across  the  river,  so  as  to  convert 
its  channel  into  a  series  of  deep-water  reaches,  and  the 
boats  pass  from  one  reach  to  the  other  by  means  of  side- 
cuts  with  locks.  This  plan,  which  in  America  is  called 
"  still- water  navigation,"  has  been  extensively  carried  out 
on  the  rivers  of  that  country.  I  saw  a  good  specimen  of 
it  on  the  Schuylkill,  in  Pennsylvania.  That  river  was 
rendered  navigable  by  thirty-four  dams  constructed  in 
the  bed  of  the  stream,  so  as  to  raise  the  level  of  the  water 
and  convert  the  river  into  thirty-four  reaches  of  navigable 
water,  vaiying  in  length  according  to  the  rise  in  the 
river's  bed.  The  barges  pass  from  the  different  reaches 
through  a  short  side-cut,  in  which  there  is  a  canal  lock  of 
the  ordinary  construction.  The  navigation  is  upwards  of 
100  miles  in  length,  and  was  navigated  by  boats  of  about 
60  tons  burden.  The  same  plan  has  been  carried  out  on 
a  pretty  large  scale  by  the  late  Mr.  Rendel  and  Mr. 
Beardmore,  for  the  improvement  of  the  river  Lee,  and  by 
Sir  William  Cubitt  on  the  upper  part  of  the  Severn,  where 
the  river  has  been  divided  into  four  reaches,  having  a 
depth  of  6  feet,  ^vith  side-cuts  and  locks  having  a  lift  of 
8  feet  each. 

It  must  be  obvious  that  the  works  for  forming  slack- 
water  navigation  closely  resemble  the  ordinary  canal  works 
which  have  been  already  described,  and  the  side  cuts  and 
locks  for  passing  vessels  from  reach  to  reach  of  the  river 
are  identical,  and  require  no  further  notice. 

But  the  operation  of  damming  up  the  river  is  impor-  weirs  or  Dams, 
tant,  and  cannot  be  passed  over  without  special  notice. 
A  river  dam  is  a  work  in  all  cases  demanding  careful  con- 
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sideration,  not  only  as  regards  its  safe  construction  so  as 
to  resist  the  force  of  the  stream,  but  also  with  reference  to 
its  effect  in  opposing  the  free  discharge  of  the  water,  and 
causing  the  land  above  it  to  be  flooded  during  heavy  rains. 
American  weirs.  The  dams  on  the  Schuylkill  navigation,  and,  indeed, 
on  many  of  the  American  rivers,  are  formed  of  timber 
fiumework  filled  with  rubble.  That  on  the  Schuylkill  at 
Philadelphia,  wliich  served  both  for  the  navigation  and  for 


Fig.  23. 


supplying  water  to  drive  the  wheels  of  the  Philadelphia 
Water-works,  I  found  to  be  formed  in  separate  compart- 
ments or  frames,  each  of  which  was  20  feet  in  breadth. 
These  after  being  framed  together,  were  filled  with  stones, 
and  sunk  in  the  line  of  the  dam.     Fig.  23  is  an  elevation, 


Fio.  24. 

and  fig.  24  is  a  section  of  the  dam,  from  which  its  con- 
struction will  be  easily  understood.  The  cribs  were 
formed  of  logs  of  wood  measuring  18  to  20  inches,  con- 
nected together  by  strong  dovetailing.  The  size  of  the 
framework  in  the  direction  of  the  stream  was  72   feet. 
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The  planking  on  the  top  was  6  inches  thick.  The  upper 
parts  of  the  cribs  were  connected  together  so  as  to  form 
one  continuous  structure,  and  the  whole  was  backed  by  a 
large  mass  of  heavy  rubble.  This  dam  withstood  a  flood, 
when  the  river  Schuylkill  was  passing  over  it  in  a  solid 
body  of  water,  7  feet  11  inches  in  depth,  without  sustain- 
ing any  injuiy. 

The  dams  constructed  by  Sir  W.  Cubitt  on  the 
Severn  are  shown  in  fig.  25.  They  are  formed  of  pile 
work  and  rough  masonry,  and  have  also  withstood  the 
floods. 


LOW   WATER 


Fig.  25. 

But  the  important  question  of  flooding  still  remains  Flooding  caused 

bv  weirs. 

to  be  noticed,  and  as  Su*  W.  Cubitt  very  carefully  studied 
that  subject,  I  cannot  do  better  than  give  what  he  laid 
before  the  Institution  of  Civil  Engineers^  as  the  result 
of  his  experience  : — 

"  The  problem  proposed  (he  said)  was  this  :  a  river 
which,  from  its  source  and  the  country  it  passed  through, 
was  liable  to  sudden  changes  of  character — at  one  time 
running  deep  and  rapid  like  a  mountain  stream,  and  then 
suddenly  subsiding,  and  becoming  so  shallow  as  to  impede 
the  navigation,  was  required  to  be  so  improved  as  to 

»  Vol.  V.  ]..  :i48. 
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retain  the  waters,  that  the  minimum  depth,  in  times  of 
drought,  should  be  sufficient  for  the  traffic,  and  yet  that 
the  passage  for  the  flood-waters  should  be  so  unimpeded, 
that  they  should  pass  off,  without  unduly  flooding  the 
lands  on  either  side  of  the  stream  or  injuring  the  drain- 
age. This  was  done  by  placing  certain  weirs  obliquely 
across  the  main  stream,  their  length  being  such  as  to 
permit  of  the  free  passage  of  a  body  of  water  equal  to 
the  entire  transverse  sectional  area  of  the  river  above  the 
weir,  without  penning  up  the  water  so  as  to  overflow  the 
banks — the  navigation  being  carried  on  uninterruptedly 
by  means  of  locks,  situated  in  lateral  artificial  cuts  beside 
the  weirs.  By  these  means,  however  suddenly  the  water 
in  the  river  rose  and  the  banks  were  filled,  the  great 
length  of  the  weirs  enabled  the  flood  to  pass  away, 
without  reducing  the  average  depth  in  the  channel,  yet 
allowing  for  the  free  drainage  of  the  land  above. 
Transverse  "  In  placing  a  weir  directly  square  across  a  river,  a 

considerable  portion  of  its  section  must  be  blocked  up, 
and  the  water  would  be  penned  back,  in  proportion  to 
the  actual  height  of  the  weir  and  the  area  of  the  channel. 
The  water  could  never  flow  over  that  weir  in  a  sheet  wider 
than  the  channel,  consequently,  the  depth  upon  the  weir 

must  be  greater,  and  the 
tendency  must  be  to 
/  block  up  the  water,  and 
even  with  a  river  bank- 
fidl  an  obstruction  must 

Fio.  26.  '^ 

exist.     It  would  be  seen 
by  fig.  26,  that  if  the  breadth  of  the  channel  were  ex- 


weirs. 
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tended  to  three  times  its  width,  above  and  below,  and  a 
transverse  weir  placed,  the  same  quantity  of  water  would 
pass  over,  in  a  thinner  sheet,  leaving  a  comparatively 
tranquil  pool  above  the  weir,  which,  if  extended  to  a  lake, 
would  present  the  same  appearance  as  the  Lake  of  Geneva 
— comparatively  still  water,  with  a  rapid  river  above  and 
below  it.  It  must  be  evident  that  the  weir  in  this  case 
oflPered  no  obstruction,  as  the  water  was  enabled  to  pass 
more  freely  than  along  the  river,  either  above  or  below. 

"  Fig.  27  showed  that  the  same  end  might  be  attained  obiique  weire. 
without  the  expense  of 
cutting  away  the  land, 
by  placing  a  weir  of  the  Fig.  27. 

same  length  in  an  oblique  direction  aoross  the  stream, 
without  unduly  widening  the  channel.  The  same  quantity 
of  water  would  pass  in  times  of  flood,  and  the  velocity  of 
the  stream  would  be  maintained  more  equably  than  by 
any  direct  transverse  obstiiiction.  The  greater  the  obli- 
quity the  better  would  be  the  effect ;  but,  as  a  general 
rule,  three  times  the  direct  width  of  the  channel  would, 
he  thought,  be  an  ample  proportion, — in  fact,  it  would 
seldom  be  necessary  to  give  more  than  double  the  direct 
width.  As  a  simple  rule,  it  might  be  stated,  that  when 
the  rectangle  formed  by  the  length  of  the  weir  and  its 
depth  below  the  flood  limit  equalled  the  rectangle  of  the 
river  up-stream  of  the  weir,  within  the  same  flood  limits, 
then  similar  floods  would  not  rise  higher  above  these 
limits  than  before  the  weirs  were  placed. 

"  It  had  been  attempted  to  be  shown  that  the  velo- 
city of  the  under-current  would  be  checked,  and  that  a 
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deposit  would  take  place ;  in  fact,  that  the  effect  would 
be  analogous  to  filling  up  the  bed  of  the  river  to  the 
height  of  the  weirs,  and  that  the  descending  column,  for 
a  considerable  distance  up  the  river,  would  be  materially 
checked.  The  contrary,  however,  had  been  the  result. 
The  surface  of  the  water  had  been  prevented  from  rising 
during  floods ;  the  bed  of  the  river  had  not  been  raised, 
although  dredging  had  not  been  resorted  to ;  and  the 
drainage  of  the  upper  coimtry  had  been  fully  maintained. 
The  under-current  received  no  check,  as,  from  the  obli- 
quity of  the  weir,  the  stream  was  merely  turned  aside,  and 
the  body  of  the  water  rose  gradually  at  its  initial  velocity. 
Horse-siioe  "  Wcirs,  of  the  shape  of  a  horse-shoe,  and  with  an 

weirs.  ^ 

acute  angle  pointing  up  the  stream,  had  also  been  tried  ; 
but  there  were  practical  objections  to  both  these  forms, 
as  not  leaving  a  free  space  within  them  for  the  overfall 
of  the  water,  which  there  formed  eddies,  frequently  scour- 
ing out  the  bed  of  the  channel  at  the  foot  of  the  weii-." 
Rule  for  lengti.        Mucli  difference  of  opinion  has  been  expressed   by 

of  weirs.  ^  1  ^ 

engineers  on  the  question  raised  by  Sir  W.  Cubitt  as  to 
the  relative  obstruction  to  a  river's  flow  presented  by 
transverse  and  oblique  weirs,  and  I  am  not  aware  that 
we  possess  any  data  determined  by  actual  experiment. 
I  think  all  engineers,  however,  agree  on  the  advantage 
of  the  oblique  weir  in  facilitating  the  discharge ;  and 
meantime  it  is  satisfactory  to  know  that  the  rule  adopted 
by  Sir  William  Cubitt,  of  making  the  weir  of  such  length 
as  that  the  rectangle  foi^ned  hy  its  length  and  its  depth 
below  the  flood  line  shall  he  equal  to  the  rectangle  of  the 
river  above  the  iveir  imthin  the  same  flood  limits,  has  given 
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most  satisfactory  results  on  the  Severn,  where  weirs 
constructed  on  that  principle  have  not  increased  the 
flooding  of  the  river's  banks. 

Oblique  weirs  have  also  been  employed  with  great 
advantage  in  the  Shannon.  Mr.  Rhodes  states  that  the 
weirs  at  Killaloe  and  Meelick  are  each  1100  feet  in 
length,  that  in  summer  water  there  is  a  flow  of  6  inches, 
and  in  high  floods  from  2  feet  6  inches  to  2  feet  8  inches 
over  theu'  crests,  and  they  do  not  produce  flooding  of  the 
lands  above. 

A  fixed  weir  of  the  class  described  above  should  be 
used  in  all  cases  where  it  will  serve  the  purpose  of  navi- 
gation, and  at  the  same  time  discharge  the  floods  in  the 
river,  as  it  is  economical  both  in  first  cost  and  mainten- 
ance, and  requii'es  no  attendance ;  but  when  the  banks 
of  a  river  are  low,  and  when  even  a  judiciously  placed 
and  constiiicted  dam  would  raise  the  water  surface  so 
high  as  to  render  flooding  of  the  adjacent  land  unavoid- 
able without  the  use  of  impracticable  embankments,  some 
form  of  moveable  weir  becomes  necessary. 

The  best  type  of  movable  weir  is  that  m  which  MovaWe  weirs, 
sliding  doors  are  raised  and  lowered  from  a  platform 
reaching  across  the  river.  Of  this  type  may  be  men- 
tioned the  weir  at  Teddington  on  the  Thames,  designed 
by  Mr.  Leach ;  the  Dutton  weir  for  the  River  Weaver 
Navigation,  by  Mr.  Lionel  Wells,  and  the  Lough  Erne 
sluices  in  Ireland,  by  Mr.  F.  Stoney.^  This  last  weii' 
is  divided  into  four  bays,  each  door  having  a  clear 
width  of  29  feet  2  inches.     They  each  weigh   13  tons, 

*  Engineering,  vol.  xxxviii.  pp.  241,  564. 
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which  is  counterbalanced,  and  have  a  lift  of  9  feet.  The 
gates  run  on  free  roller  bearings,  the  invention  of  Mr. 
Stoney,  and  they  can  be  raised  by  one  man  by  a  winch 
without  diflEiculty. 

This  form  of  movable  weir,  however,  will  be  seen  to 
have  one  disadvantage,  that  it  is  not  removable  so  as  to 
leave  the  navigation  clear.  Where  this  is  desirable,  a 
form  of  weir  similar  to  those  used  in  the  French  rivers, 
hereafter  described,  might  be  used  where  the  traffic 
rendered  such  an  expenditure  justifiable. 

Needle-Weir.  The   two   best   types   of    removable   weirs    are   the 

Needle- Weir  and  the  Shutter- Weir.  In  the  needle-weir 
sparser  "needles"  are  raised  and  lowered  from  a  plat- 
form supported  on  frames,  the  lower  ends  of  the  "  needles" 
resting  against  a  check  on  the  apron,  the  upper  ends 
resting  against  the  platform.  The  frames  may  be  made 
to  fold  down  sideways  on  the  apron,  so  that  the  channel 

Shutter- Weir,  is  left  entirely  clear.  ^  The  best  type  of  the  shutter- weir 
is  that  of  M.  Chanoine,  in  which  shuttera  turning  on 
horizontal  axles  about  their  middle,  are  pulled  by  chains, 
which  are  worked  from  a  platform,  reaching  across  the 
river,  so  that  they  may  dam  up  or  let  pass  the  water  as 
may  be  required.'^ 

Improvement  of       The  works  executed  for  the  improvement  of  the  upper 

ofTuropean"'  portious  of  many  of  the  continental  rivera,  such  as  the 
Rhine  and  the  Danube,  are  very  diflferent  in  their  char- 
acter from  those  I  have  described.  The  continental  rivers 
are  large,  and  often  occupy  a  wide- spreading  bed,  with 

•  Engineering,  vol.  xxxviii.  p.  269. 

a  For  detailed  descriptions  of  these  Weirs,  see  L.  F.  Vernon  Harcourt  on 
••  Fixed  and  Movable  Weirs,"  Minutes  of  Proc.  Inst.  C,B„  vol.  Ix. 
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numerous  channels  and  islands,  and  in  dealing  with  them 
the  main  object  of  the  engineer  is  to  confine  the  whole  of 
the  water  into  one  stream,  in  the  certainty  that,  although 
the  currents  may  be  inconveniently  strong,  there  will  be 
no  difficulty  in  securing  ample  depth  for  navigation. 

The  works  undertaken  on  the  Rhine,  as  described  in  Rhine. 
the  Proceedings  of  the  Institution  of  Civil  Engineers  ^  by 
Mr.  Jackson,  are  of  great  extent,  and  were  attended  with 
much  difficulty  on  account  of  the  sudden  floods,  which, 
he  states,  occasionally  in  the  course  of  twenty-four  hours, 
rise  to  the  extent  of  38,  and  even  40  feet.  They  con- 
sisted of  cuts  for  straightening  the  channel — dams  or 
weirs  for  checking  the  flow  of  the  river — what  are  called 
diversion  arms  for  separating  the  navigable  channel,  and 
spurs  for  directing  its  course.  It  is  worthy  of  notice  that 
all  these  diversion  arms  and  spurs  are  constructed  of 
bundles  of  fascines,  fixed  by  piles,  and  weighted  with 
earth  and  stones — the  distinctive  feature  of  continental 
river-works. 

A  short  notice  of  the  Upper  Danube,  as  given  by  Mr.  Danube. 
Shepherd,-  ^vill  serve  to  illustrate  the  nature  of  the  works 
on  such  rivers.  Mr.  Shepherd  says  that  the  navigation 
was  greatly  impeded  by  the  river  shifting  its  course 
after  almost  every  flood.  Its  channel  was  divided  into 
numerous  branches,  and  the  main  object  of  the  improve- 
ments was  to  shut  off  these  lateral  branches,  and  to 
cause  the  river  to  flow  in  one  central  channel.  The 
spurs  formed  for  this  purpose  were  projected  from  both 

»  Vol.  viL  p.  211. 

»  Civil  Engineers'  and  ArchitecW  JoumcU,  voL  xii.  p.  321. 
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banks  of  the  river  at  such  angles  as  were  most  suitable 
to  the  line  of  bank  and  the  flow  of  the  stream,  which, 
being  always  in  the  same  direction,  and  not  reversed  by 
a  flowing  tide,   is  more  easily  directed  and  controlled. 


Fio.  28. 

Fascine- work,  Tliesc  spurs  were  constructed  as  shown  in  elevation, 
fig.  28,  and  in  plan,  fig.  29.  The  series  of  fascines  of 
brushwood,  a  and  6,  are  bound  or  woven  together  so  as 
to  form  one  continuous  line  throughout  the  entire  length 
of  the  spur ;  each  row  is  weU  secured  to  the  ground  by 
short  piles  or  stakes,  and  the  space  between  each  row  is 
filled  in  with  earth.    The  transvei'se  fascines,  c  c,  are  laid 


Fio.  29. 


on  the  others,  and  also  secured  by  piles — the  ends  to- 
wards the  stream  are  left  open,  and  their  other  ends  are 
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covered  with  eai-th,  d  d.  When  the  main  spurs  extend- 
ing from  the  shore  are  completed,  the  arms  of  the  river 
are  dammed  off  in  the  same  manner. 

Mr.  Shepherd  says  that  the  mpidity  with  which  the 
spurs  are  made  is  tiiily  surprising ;  they  ofter  but  little 
resistance  to  the  water,  and  as  soon  as  the  sand-banks 
begin  to  move,  the  debris  is  deposited  between  and  in 
the  spui-s,  which  rendei*s  them  immoveable ;  the  cun*ent 
at  the  same  time  is  thrown  into  one  channel,  which  has 
the  effect  of  entirely  scouring  the  river  of  the  sand-banks 
previously  deposited. 

The  brushwood  is  genemlly  laid  in  such  rivei-s  in  its 
gi*een  state,  there  to  take  root  and  gi'ow  again;  conse- 
quently, after  a  few  yeai-s,  each  of  the  spm-s  forms  a  thick 
massive  hedge,  which  prevents  the  stream  from  making 
further  ravages  on  its  banks,  and  confines  it  to  one  centml 
channel,  scouiing  it  out  to  a  width  and  depth  sufficient 
for  all  pui*poses  of  navigation. 

The  dams  or  weirs  on  the  European  rivers  are  gene-  crib-woik. 
rally  made  of  crib- work,  such  as  has  been  described  at 
page  170,  a  construction  which  seems  very  suitable  where 
the  currents  are  rapid.  It  is  indeed  wonderful  what  can 
be  done  in  rapid  rivers,  having  beds  of  shelving  rock,  by 
the  judicious  use  of  "crib-work"  filled  with  stone.  By 
cautiously  sinking  and  loading  these  cribs,  and  gradually 
extending  their  dimensions,  a  structure  is  at  last  ob- 
tained, of  sufficient  weight  and  base  to  withstand  the 
destinictive  action  of  the  currents,  even  in  the  most  mpid 
streams,  the  open  spaces  of  the  crib- work  allowing  the 
water  to  flow  freely  through  until  enough  of  stonework 


Bridge. 
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is  deposited  to  secure  stability.     The  boldest  of  such 
structures  I  have  seen  is  the  foot-bridge  leading  to  Goat 
Island,  across  the  rapids  of  the  Niagara.     The  river  at 
the  spot  is  said  to  have  a  gradient  of  one  in  fifty-two, 
and  the  sight,  as  viewed  from  the  bridge,  of  water  tossed 
up  by  the  rugged  bottom  into  white-crested  breakere,  is, 
to  an  engineer,  rather  suggestive  of  a  dangerous  founda- 
Goat  Island      tiou.     Niagara,  with  its  falls  and  rapids,  may  truly  be 
said  to  be  unique,  but  as  it  is  possible  that  the  device 
adopted  to  forai  the  piers  of  the  bridge  may  offer  hints 
available  for  some  engineering  purposes,  I  shall  briefly 
describe  the  process  as  explained  to  me.    The  bridge  was 
constructed  by  projecting  trussed  beams  from  the  shore, 
balanced  by  weights  at  their  inner  ends.     Upright  sup- 
ports were  passed  through  holes  in  the  outer  ends  of  the 
beams,  and  driven  down  so  as  to  rest  on  the  bottom  and 
serve  as   temporary  supports.      The  beams   thus   tem- 
porarily placed,  when  planked,  formed  a  gangway  for  the 
workmen,   who  commenced  to  sink  at  the  end  of  the 
beams  a  small  frame  of  open  crib-work,  which  was  filled 
with  stones.     This  fabric,  slender  though  it  was,  formed 
a  more  secure  attachment  for  tlie  ends  of  the  trussed 
beams,  so  that  heavy  materials  could  be  earned  across 
them.     Additional  tiers  of  crib- work  were  successively 
built  round  the  original  core,  until  a  mass  was  fonmed 
having  sufficient  base  and  weight  to  resist  the  force  of  the 
stream.     Other  piers  were  made  in  the  same  way,  and 
thus  the  passage  of  the  i-apids  was  finally  accomplished, 
the  whole  distance  being  about  400  feet.    The  only  indi- 
cation of  the  rude  manner  in  which  the  bridge  had  been 
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constructed  appeai'ed  in  the  somewhat  zigzag  line  of  the 
roadway  stretching  from  pier  to  pier,  showing  that  the 
position  of  the  piers  had  been  fixed,  not  in  accordance 
with  any  preconceived  design,  but  to  suit  the  rough  siu*- 
face  of  the  river's  bed,  which,  owing  to  the  extreme 
rapidity  of  the  cun*ent,  could  not  previously  be  deter- 
mined by  soundings.  Any  attempt  to  sink  a  hollow  box 
or  cylinder,  presenting  a  solid  surface,  in  such  a  situa- 
tion, would,  I  fear,  be  hopeless,  but  open  crib-work, 
allowing  the  water  to  pass  through  while  it  was  being 
gradually  loaded  with  stone,  solved  the  dijBSculty,  even  in 
the  rapids  of  Niagara,  and  a  similar  mode  of  constiiiction 
has  been  found  very  useful  in  erecting  dams  and  similar 
works  in  many  of  the  rapid  Continental  rivera. 

PREVENTION  OF  FLOODING  BY  MEANS  OF  "  CUTS." 

Perhaps  it  may  seem  almost  unnecessaiy  to  say  that  straight  cuta. 
flooding  takes  place  when  the  combined  sectional  area  of 
a  river  channel  and  the  fall  on  its  bed  do  not  afford  suffi- 
cient discharge  for  the  passage  of  the  drainage  water. 
The  obstniction  due  to  deficient  sectional  area  may  be 
lessened,  or  perhaps  altogether  removed,  by  enlarging  the 
channel  of  the  river,  while  that  due  to  insufficient  fall 
may  often  be  removed  by  making  a  shoH  cut  instead  of  a 
long  detour,  and  thus  increasing  the  slope  of  the  surface 
and  the  velocity  of  the  current,  and  when  such  operations 
cannot  be  carried  out,  or  do  not  either  singly  or  combined 
afford  sufficient  relief,  recourse  must  be  had  to  artificial 
embankments. 

There  are,  however,  many  winding  rivers  where  a 
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"  cut"  may  be  made  with  great  advantage,  as  at  the  river 
Kinnel,  in  Dumfriesshire,  which  is  shown  in  fig.  JJO. 
That  "  cut,"  which  was  formed  imder  the  direction  of 
Messrs.  D.  &  T.  Stevenson,  was  made  chiefly  for  the 
better  regulation  of  the  boundaries  of  the  march  lines  of 
the  adjacent  properties.     It  will  be  seen  that  the  river 


FitJ.  30. 

was,  in  that  instance,  carried  through  a  narrow  neck  of 
land  measuring  about  500  feet,  and  saving  a  detour  of 
upwards  of  4500  feet.  Fig.  31  is  a  cross-section  of  the 
new  channel.  To  the  effect  of  such  idterations  on  a  river's 
banks  and  floods  I  shall  have  occasion  to  refer  hereafter, 
and  merely  add  here  that  the  cut  at  the  Kinnel  was 
formed  thirty-five  yeara  ago,  and  Sir  William  Jardine, 
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through  whose  property  it  was  made,  informed  me  that  it 
"  has  proved  most  satisfactory  in  every  respect,  and  that 
the  banks  have  stood  without  any  necessity  for  repair." 

In  forming  straight  cuts  to  shorten  a  river's  course 
and  increase  the  fall  on  its  surface,  and,  consequently,  its 
velocity,  care  must  be  taken  that  the  inclination  be  not 
so  much  increased  as  to  produce  a  current  so  rapid  as  to 
injure  the  banks  of  the  new  cut ;  and  as  their  liability  to 
injury  depends  on  the  materials  of  which  they  are  com- 
posed, it  is  not  possible  to  lay  down  any  rule  of  imivereal 
application  in  deciding  what  rate  of  inclination  may  safely 
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be  adopted.  The  formation  of  a  new  cut  or  channel  is, 
however,  a  work  that  should  not  be  undertaken  mthout 
careful  consideration  of  all  the  circumstances,  as  such 
a  work  may  in  some  cases  prove  injurious  to  the  l^ed 
and  banks  below  the  point  where  it  joins  the  original 
course  of  the  river.  ^ 

'  Reclamation  and  Protection  of  Agricultural  Land,  by  David  Stevenson, 
F.R.S.E.,  M.LC.E. 


CHAPTER  VII. 

TIDAL  PROPAGATION  AND  TIDAL  CURRENTS  OF  RIVERS. 

Importance  of  tidal  flow — Its  extent  modified  by  circumstances — Tidal  wave — 
Laws  of  its  propagation — Tidal  currents — Obstacles  which  operate  in  re- 
tarding tidal  wave — Bore  on  the  Dee — Bore  on  the  Severn — Bore  on  the 
Amazon — Objects  of  improvements  of  tidal  rivers — Level  of  high  water  not 
necessarily  raised  by  facilitating  tidal  propagation. 

importance  of  TiDAL  Navigation  is  a  subject  more  intimately  connected 
tidal  flow,  j^'iil^  the  commercial  interests  of  the  British  Isles,  and 
occupies  a  more  important  position  in  the  hydraulic 
engineering  of  this  country,  than  those  branches  of  river 
navigation  which  we  have  been  considering  in  the  pre- 
ceding chapter.  We  have  no  great  rivers  here,  like  the 
Mississippi,  on  which  to  launch  and  navigate  the  largest 
class  of  shipping.  Our  fresh- water  streams,  even  by  all 
the  aid  of  weirs  and  locks,  can  hardly  be  made  deep 
enough  for  canal  barges.  The  hills  and  valleys  of  our 
insular  country  have  not  sufficient  area  to  form  fresh- 
water streams  available  for  navigation  on  a  large  scale. 

The  amount  of  water  which  our  rivers  discharge  varies 
as  the  rain-floods  rise  and  fall;  and,  even  at  their  best,  our 
navigable  rivers  and  estuaries  may  be  regarded  simply  as 
creeks  or  inlets,  formed  and  kept  open,  not  by  the  fresh- 
water stream  alone,  but  mainly  by  the  action  of  the  tide, 
and  may  be  said  to  be  navigable  only  when  their  channels 
are  filled  by  the  influx  of  water  from  the  ocean.     The 
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great  agent  in  keeping  open  and  deepening  our  naviga- 
tions is  to  be  found  in  the  tidal  flow,  which  not  only 
scours  and  maintains  the  sea-channels  of  our  rivers,  but 
also  does  important  service  by  increasing  the  scanty  depth 
of  water  which  the  river  affords.  Nor  is  this  all :  another 
most  important  advantage  derived  from  the  tides  is  that 
upward  current  due  to  the  tidal  rise,  which,  at  first 
checking,  and  ultimately  overpowering  and  reversing,  the 
flow  of  the  ebb-stream,  carries  vessels  from  the  sea  to 
their  inland  ports  without  the  aid  of  either  steam  or 
wind.  Even  the  most  superficial  observer  cannot  fail  to 
recognise  the  value  of  this  when  he  sees,  on  the  Thames 
or  any  other  tidal  river,  a  vast  fleet  of  vessels  of  all  sizes, 
and  from  all  countries,  hurried  on  by  the  silent  but  power- 
ful energy  of  the  flowing  tide.  How  invaluable  is  such 
an  agent  to  the  commercial  interests  of  this  country  1  If, 
indeed,  the  action  of  our  river- tides  were  suspended,  and 
our  coast  begirt  with  a  constant  low  water,  with  all  its 
attendant  mud-banks  and  shoals,  it  might  truly  be  said 
of  the  steam-power  employed  in  our  factories  and  on  our 
railways,  that  its  occupation  would  be  gone.  I  do  not, 
indeed,  require  to  do  more  to  enforce  the  wide-spread 
interest  of  the  subject  than  remind  the  reader  that  the 
ports  of  London,  Liverpool,  and  Glasgow,  not  to  name 
less  important  places,  are  entirely  dependent  on  tidal 
navigation  for  theu*  existence. 

From  what  has  been  said  in  Chapter  III.  as  to  the  its  extent 

/»    •  ••111  1  1       modified  by 

physical  boundaries  of  nvers,  it  will  be  apparent  that  the  circumstances. 
extent  to  which  this  tidal  influence  is  felt  varies  in  different 
situations.     Where  the  inclination  of  the  river's  bed  is 
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gentle,  and  the  channel  is  comparatively  clear  and  unob- 
stiiicted,  it  is  felt  far  up  the  river,  as  in  the  case  of  the 
Thames,  where  it  reaches  Teddington  Weir,  65  miles  from 
the  Nore ;  and  in  the  Tay,  where  it  reaches  its  junction 
with  the  Almond,  35  miles  from  the  bar.  In  other  cases, 
such  as  the  Lune  in  Lancashire,  or  Dee  in  Cheshire, 
the  tidal  flow  is  suddenly  checked  by  artificial  weirs 
erected  in  the  bed  of  the  river  for  the  use  of  mills. 
In  a  third  class  of  rivere  the  upward  flow  of  the  tide  is 
almost  neutralised  by  the  existence  of  natural  obstruc- 
tions, as  in  the  case  of  the  Erne  at  Ballyshannon,  where 
it  flows  only  about  three,  and  the  Ness,  where  it  flows 
only  about  two  miles  up  the  river. 

The  tidal  flow  through  estuaries  and  rivei^s  gives  rise 
to  two  phenomena,  the  one  called  "  tidal  propagation," 
and  the  other  "  tidal  current."  It  is  essential  that  the 
difference  between  them  should  be  clearly  understood ; 
and  it  is  further  necessary  that  neither  of  them  should 
be  confounded  with  that  vertical  rise  and  fall  of  the  water 
surface  which  is  known  as  the  range  of  the  tide. 

TroAL  Propagation. 

Ti.f  tidal  wave.  The  mecliauism  by  which "  the  tidal  propagation  up 
an  estuary  is  effected  is  obscure.  Some  hold  that  the 
tidal  wave  which  passes  up  an  estuaiy  is  a  branch  of  the 
great  tidal  wave  of  the  ocean.  The  other  view  is  very 
clearly  stated  by  Professor  Robison,  as  follows  : — **  The 
high  water  of  the  ocean  reaches  the  mouth  of  the  river ; 
.  .  .  this  checks  the  stream  at  the  mouth  of  the  river, 
and  causes  it  to  deepen.     This  again  checks  the  current 
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farther  up  the  river,  and  it  deepens  there  also,  because 
there  is  always  the  same  quantity  of  land  water  pouring 
into  it.  The  stream  is  not  perhaps  stopped,  but  only 
retarded.  But  this  cannot  happen  without  its  growing 
deeper.  This  is  propagated  farther  and  farther  up  the 
stream,  and  it  is  perceived  at  a  great  distance  up  the 
river." 

These  words  describe  an  action  which  is  certainlv 
operative,  and  would  produce  the  phenomenon  of  tidal 
propagation,  though  to  what  extent  this  action  is  at  work 
in  producing  these  effects,  or  to  what  extent  it  is  com- 
bined with  a  real  wave  action,  we  confess  oui-seives  unable 
to  determine.  Mr.  Scott  Russell  held  the  fii*st  of  these 
theories,  and  was  the  first  experimental  inquirer  who 
conducted  investigations  on  the  tide  wave  of  estuaries, 
and  gave  the  laws  of  its  propagation  as  found  from  expe- 
riments made  on  the  Dee  in  Cheshire  and  the  Clyde. 
These  laws,  with  the  exception  of  the  first  two,  being 
deduced  from  expenment,  hold  good  whatever  be  the 
true  theory,  and  may  be  stated  as  follows  : — 

1.  The  great  primary  wave  of  translation  differs  from  Laws  of  its 

^,  •  /»  '      'J.  •    '        -J.         -I  propagation. 

eveiy  other  species  oi  wave,  m  its  origin,  its  phenomena, 
and  its  laws. 

2.  The  tide  wave  is  identical  with  the  great  primaiy 
wave  of  translation. 

3.  In  a  rectangular  channel,  the  velocity  with  which 
the  tidal  wave  is  propagated  is  equal  to  the  velocity  ac- 
quired by  a  heavy  body  falling  freely  by  gi-avity  through 
a  height  equal  to  half  the  depth  of  the  fiuid,  reckoned 
from  the  top  of  the  wave  to  the  bottom  of  the  channel. 
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In  a  sloping  or  triangular  channel  the  velocity  is  that  of 
a  gravitating  body  due  to  Jd  of  the  greatest  depth.  In  a 
pai*abolic  channel  the  velocity  is  that  due  to  f  ths  or  x^t^lis 
of  the  greatest  depth,  according  as  the  channel  is  convex 
or  concave.  And  genei'ally,  the  velocity  is  that  due  to 
gravity,  acting  through  a  height  equal  to  the  depth  of  the 
centre  of  gravity  of  the  transverse  section  of  the  channel 
below  the  surface  of  the  fluid. 

4.  The  velocity  in  channels  of  uniform  depth  is  inde- 
pendent of  their  breadth. 

5.  A  tidal  hove  is  formed  when  the  water  is  so  shallow 
that  the  first  waves  of  flood  move  with  a  velocity  so  much 
less  than  that  due  to  the  succeeding  parts  of  the  tidal 
wave  as  to  be  overtaken  by  the  subsequent  parts,  or 
whenever  the  tide  rises  so  rapidly  that  the  height  of  the 
first  wave  of  the  tide  exceeds  the  depth  of  water  at  that 
place. 

6.  A  wave  of  high  water  of  spring-tides  travels  faster 
tlian  a  wave  of  high  water  of  neap-tides. 

Influence  of  7.  In  addition  to  these  laws  stated  by  Mr.  Russell,  I 

have  found  that  the  inclination  of  a  river's  bed,  and  of  the 
surface  of  the  low- water  stream,  affect  the  rate  of  propa- 
gation independently  of  the  fonn  or  depth  of  the  channel, 
and  that,  under  certain  conditions,  a  decrease  of  inclina- 
tion is  followed  by  an  acceleration,  and  an  increase  of 
inclination  by  a  retardation  of  the  rate  of  propagation. 
But  the  results  of  my  investigations  will  be  best  under- 
stood after  I  have  described  the  works  which  aflforded  the 
data  on  which  they  are  founded,  and  I  shall  defer  further 
notice  of  them  to  a  succeeding  chapter. 
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The  laws,  stated  by  Mr.  Russell,  are  supposed  to 
apply  to  the  passage  of  the  wave  through  channels  having 
a  pretty  uniform  depth  and  form  of  cross-section ;  but  the 
veiy  irregular  outline  of  the  beds  of  most  of  our  tidal 
channels  renders  it  almost  always  difficult,  and  in  many 
cases  impossible,  to  apply  them  rigidly  to  cases  which 
occur  in  actual  practice.  I  may,  however,  state  generally, 
in  corroboration  of  the  correctness  of  Mr.  Russell's  deduc- 
tions, that  after  investigating  the  tidal  phenomena  of  many 
estuaries  and  rivers,  I  have  found  that  in  all  cases  the 
quickest  propagation  of  the  tidal  wave  occurs  at  those 
places  where  there  is  the  greatest  average  low-water 
depth;  but  the  varying  outline  of  the  cross-section 
renders  it  almost  impossible  in  most  cases  to  determine 
what  is  the  ruling  depth  for  calculating  the  rates  of  pro- 
pagation in  any  particular  section  of  the  river.  In  the 
Dornoch  Firth,  to  which  I  have  already  alluded,  I  foimd 
that  the  distance  of  11  miles  between  Portmahomac  and  Examples  of 

velocity  of 

Meikleferry  is  traversed  by  the  tide  wave  in  30  minutes,  propagation. 
being  the  interval  between  the  first  appearance  of  the 
tide  at  the  two  stations,  giving  a  velocity  of  22  miles  per 
hour.  The  depth  of  water  of  that  part  of  the  firth  varies 
from  9  to  50  feet.  Between  Meikleferry,  again,  and  the 
Quarry,  a  distance  of  8  miles,  where  the  depth  is 
much  less,  varying  ft-om  6  to  20  feet,  the  transit  of  the 
wave  occupies  65  minutes,  giving  a  speed  of  6*4  miles 
per  hour.  Between  the  Quarry  and  Bonar  Bridge,  a 
distance  of  1  mile,  the  water  is  comparatively  shallow, 
varying  from  1  to  3  feet,  and  the  rise  in  the  bed  of  the 
river  is  very  rapid.    In  consequence  of  this  rise  the  tide 
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does  not  appear  at  Boiiar  Bridge  for  an  hour  and  a  half 
after  it  has  appeared  at  the  Quarry,  giving  a  rate  of 
propagation  of  only  two-thirds  of  a  mile  per  hour. 


Tidal  Currents. 

But  this  passage  of  the  tidal  wave  through  an  estuaiy 
or  river  must  not  be  mistaken  for  the  other  phenomenon 
to  which  I  have  alluded,  called  the  "  tide  cun-ent,"  which 
is  totally  distinct  in  its  origin  and  character.  The  tidal 
wave  which  I  have  been  describing  as  passing  through 
the  lower  part  of  the  Dornoch  Firth,  for  example,  at  the 
rate  of  22  miles  per  hour,  is  not  that  current  due  to  the 
flowing  tide  by  which  vessels  are  carried  across  the  bai*, 
and  borne  onward  to  their  destination.  That  current 
at  the  Dornoch  Firth  flows  with  a  velocity  which  I  never 
found  to  exceed  4  miles  per  hour.  The  laws  of  the  pro- 
pagation of  the  tidal  waves,  to  which  I  first  alluded, 
depend,  as  explained,  on  circumstances  somewhat  obscure  ; 
Current  due  to  but  the   velocity   of  the  tide  current,  or  that  current 

fall  on  surface  _  ^  ,  •      t  i         7 

of  water.  wliicli  flows  iuto  our  rivers,  is  due  entirely  to  the  slope  or 
fall  Oil  the  surface  of  the  ivater.  The  amount  of  this  slope 
depends  on  the  rapidity  with  which  the  tide  rises  and  the 
degree  of  obstruction  presented  to  its  propagation  up  the 
river.  The  more  rapid  the  rise  of  the  tide  and  the  greater 
the  obstruction  to  its  flow,  the  greater  will  be  the  differ- 
ence of  level  in  the  tidal  lines,  as  shown  in  the  plates  which 
illustrate  Chapter  IV.  A  head  of  water  is  thus  formed, 
whose  height  is  due  to  the  rapidity  of  the  rise  of  the  tide 
and  the  obstruction  to  its  progress ;  and  a  flow  of  water 


TIDAL  PROPAGATION  AND  TIDAL  CURRENTS.         191 

having  a  velocity  due  to  that  head  is  generated  up,  or 
perhaps  I  should  say  intOy  the  river  or  estuary,  and  this 
flow  of  water  is  what  I  term  the  flood-tide  cun'ent.  A 
similar  slope  or  faU  occurs  on  the  surface  of  the  ebbing 
tide,  due  to  the  depression  of  the  level  of  the  sea  at  the 
mouth  of  the  river,  which  again  causes  the  ebh-tide  cur- 
rent, flowing  in  the  opposite  du-ection. 

Now,  the  obstructions  which  are  most  frequently  found  obstacles  which 

1      '  T    t  .  1  1  1  .  operate  in 

to  retard  tidal  propagation,  and  to  produce  a  heaping  up  retarding  tidal 
of  the  water  and  rapid  tide  currents,  are  the  circuitous 
routes  of  the  channels  of  rivers,  inequalities  in  their  beds, 
the  projection  of  obstacles  from  their  banks,  and,  in  certain 
circumstances,  the  slopes  of  their  surfaces.  The  combined 
effect  of  these  obstructions  is  such  as  in  all  rivers  to  check 
the  propagation  of  the  tide-wave,  and,  in  situations  where 
there  is  a  gi'eat  and  rapid  rise  of  tide,  to  heap  up  the 
water  in  the  lower  part  of  the  river  during  flood,  and  so 
to  occasion  what  are  tenned  "  bores,"  and  other  appai'ent 
anomalies.  In  the  chapter  on  Tide  Observations  I 
directed  attention  very  fuUy  to  the  existence  of  this  heap- 
ing up  of  the  tide  during  flood,  but  I  did  not  then  direct 
attention  to  the  cause  and  consequences,  of  which  I  have 
now  to  speak.  In  the  Dee,  as  has  already  been  stated.  Dee  tidai  lines. 
there  is  at  low  water  a  fall  of  1 1  feet  from  Chester  to 
Flint,  a  distance  of  12  miles ;  and  on  one  occasion  I  found 
that  after  the  tide  had  risen  1 8  feet  4  inches  at  Flint,  it 
had  not  commenced  to  flow  at  Chester.  While,  therefore, 
at  low  water  there  is  a  fall  seawards  of  11  feet  from 
Chester  to  Flint,  there  was,  at  the  time  alluded  to,  a  fall 
from  the  sea  downwai'ds,  so  to  speak,  of  no  less  than  7 
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Dee  bore. 


Example  of  a 
tidal  bore  on 
the  Dee. 


feet  4  inches  from  Flint  to  Chester.  Fig.  32  is  a  diagram 
of  these  tide  lines,  which  will  illustrate  more  clearly  the 
effect  of  this  heaping  up  of  water  in  the  seaward  part  of 
the  river.  The  lower  line  represents  the  surface  of  low 
water,  and  the  upper  line  shows  the  surface  at  the  period 
of  flood-tide  to  which  I  have  alluded.  In  this  case  the 
small  depth  of  water,  and  tortuous  and  unequal  channel, 
retarded  the  early  waves  of  flood- tide  so  much,  that  they 


CONN AH S    QUAV 


Fig.  32. 

were  overtaken  by  the  succeeding  waves  ;  and,  in  accord- 
ance with  Mr.  Russell's  theory,  a  tidal  bore  was  the 
residt,  or,  in  other  words,  the  water  was  heaped  up  so 
high,  and  the  slope  was  consequently  so  great,  as  to  cause 
the  water  to  tumble  over,  and  ascend  the  river  in  the 
form  of  a  breaking  wave. 

The  manner  in  which  such  tides  flow  up  an  estuary  may 
probably  be  made  more  intelligible  by  a  simple  description 
of  a  flood-tide  on  the  Dee  than  by  diagrams  of  tidal  lines. 
In  the  sketch,  Fig.  33,  the  letters  a,  h,  c,  d  represent  a 
part  of  the  low- water  channel  of  the  river  Dee,  at  a  place 
where  the  estuary  is  about  3  miles  wide,  and  consists  of 
extensive  sand-banks.  In  examining  minutely  the  wind- 
ings of  the  stream  in  reference  to  certain  investigations,  it 
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was  necessary  to  walk  down  the  right  bank  of  the  river 
at  low  water,  close  to  the  edge  of  the  channel.  While  so 
engaged,  I  crossed  at  the  point  h,  a  hollow  in  the  sand- 
bank, which,  though  depressed  below  the  general  height 
of  the  surrounding  surface,  was  nevertheless  quite  dry, 
the  lowest  part  of  the  track  being  considerably  above  the 
level  of  the  water  of  the  river.  Crossing  this  hollow,  the 
noise  of  the  approaching  tide  was  heard ;  and  expecting 
to  meet  the  flood  forcing  its  way  up  the  river,  I  continued 
to  walk  on  towards  c  ;  but  seeing  no  appearance  of  its  ap- 
proach by  the  proper  channel,  and  still  hearing  the  noise 


Fio.  33. 

gradually  increasing,  and  apparently  coming  from  behind, 
I  turned  round  and  perceived  a  rapid  run  of  water  flowing 
(in  the  direction  shown  by  the  arrow)  through  the  hollow 
d  e  h,  which  had  just  been  crossed,  and  emptying  itself 
into  the  river  at  h.  I  immediately  hastened  back,  and 
after  having  waded  through  the  newly-formed  stream 
at  6,  which  had  attained  a  depth  of  6  or  8  inches, 
I  remained  on  its  upper  side  to  see  the  result  of  this  un- 
expected inroad.  The  water  continued  to  rush  through 
the   hollow,   rapidly   gaining   breadth    and    depth,   and 
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at  last,  after  an  interval  of  2  or  2  J  minutes  from  the 
time  at  which  the  noise  was  first  heard,  the  tide  appeared 
forcing  its  way  up  the  proper  channel  of  the  river, 
with  a  head  or  bore  of  6  or  8  inches  in  height.  In 
this  case  it  is  clear,  from  what  has  been  said  as  to  the 
slope  on  the  river  from  Flint  to  Chester  during  the  early 
periods  of  tide,  that  the  level  of  the  water  at  o?  in  the 
diagram  would  be  above  that  at  b.  The  tide,  on  arriving 
at  the  point  d,  would  be  naturally  divided  into  two 
branches  or  currents,  one  proceeding  up  the  natural 
channel  towards  c,  and  the  other  flowing  into  the  hollow 
in  the  sand-bank  at  d  towards  e ;  and  as  the  level  of  the 
water  at  d  rose,  the  stream  which  flowed  into  the  hollow 
in  the  sand-bank  would  gradually  rise  higher  until  it  sur- 
mounted the  summit-level  at  e,  after  which  it  would  rush 
from  e  to  h  without  obstruction.  The  other  branch  of  the 
tide  would  in  the  meantime  be  forcing  its  way  along  the 
circuitous  channel  dch,  ivhich  was  about  a  mile  in  length ; 
and  before  it  reached  6,  the  water  at  d  had  attained  a 
much  higher  level  than  at  b,  and  having  surmounted  the 
summit-level  of  the  sand-bank  at  e  continued  to  flow 
without  obstruction  into  the  channel  of  the  river  in  the 
manner  represented.  From  this  I  di-aw  the  general  con- 
clusion, that  in  all  places  where  the  retarding  influences 
which  exist  in  the  regular  channel  of  a  river  exceed  the 
obstructions  in  any  back  lake  or  swash-way,  the  tide  will 
flow  sooner  through  the  latter  than  the  former,  and  give 
rise  to  an  apparent  anomaly  of  two  tides  flowing  in 
opposite  directions,  in  the  same  river,  till  they  are  neutra- 
lised by  coming  in  contact. 
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The  late  Admiral  Beechey,  in  his  Remarks  on  the  Tidal  Bore  on  the 

.  .  Severn. 

Phenomena  of  the  River  Severn,  published  in  1851,  gives 
the  following  interesting  account  of  the  bore  on  that 
river  : — *'  The  bore,"  he  says,  "  is  not  dangerous  to  boats 
if  afloat  in  the  middle  of  the  river  ;  and  it  is  the  common 
practice  up  the  Severn  to  row  the  boats  out  to  the  centre 
of  the  stream  on  the  approach  of  the  bore,  and  put  their 
head  to  the  wave ;  but  if  this  precaution  be  not  taken, 
and  the  boats  are  allowed  to  remain  at  the  edge  of  the 
shore,  they  are  liable  to  be  swamped  or  stove,  as  the 
wave  breaks  with  great  violence  along  the  banks  as  it  pro- 
ceeds ;  but  towards  the  centre  of  the  river,  if  the  water 
be  not  very  shallow,  the  wave  is  smooth  and  unbroken. 
Before  the  arrival  of  the  bore,  the  stream  runs  down  the 
river,  and  the  altitude  of  the  water  at  a  distance  from  the 
sea  is  quite  stationary ;  but  on  the  arrival  of  the  bore  the 
water  instantly  rises  according  to  the  height  of  the  breast 
of  the  wave,  and  the  stream  timis  and  follows  the  wave 
up  the  river,  although  it  had  but  a  few  minutes  before 
been  running  down  at  a  rapid  rate ;  and  this  change  of 
stream  is  effected  without  any  breaking  wave.     When 
there  is  a  heavy  fresh  down  the  river,  and  the  stream  is 
running  at  the  rate  of  four  or  more  miles  an  hour,  the 
upward  stream  hangs  for  several  minutes  after  the  bore 
has  passed,  not  being  able  to  overcome  at  the  moment 
the  impetus  of  the  ebbing  water ;  but  when  it  has  once 
turned  upwards,  it  attains  its  maximum  speed  in  the  first 
half  hour  of  the  tide.     When  the  reaches  of  the  river  are 
straight,  the  bore  travels  evenly  up  the  river,  but  at  the 
turnings  it  is  thrown  off  towards  the  further  side,  where 
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it  rises  higher  than  in  the  straight  reaches ;  thence  it 
recoils  and  impinges  upon  the  opposite  shore,  and  so,  like 
a  disturbed  pendulum,  it  oscillates  from  side  to  side,  and 
only  regams  its  steady  course  when  the  reaches  lengthen. 
The  highest  tide  of  the  year  rolled  up  the  Severn  on  the 
1st  of  December.     There  was  about  2  feet  of  water  above 
the  ordinary  summer-level  in  the  river,  and  the  morning 
was  calm  and  favourable  to  the  phenomenon.    The  stream 
at  low  water  ran  down  at  the  rate  of  2  J  miles  (geographical) 
per  hour,  until  the  time  when  the  bore  came  rolling  up 
the  river  with  a  breast  from  5  to  6  feet  high  at  the  sides, 
and  3  feet  G  inches  in  the  centre.     The  wave  was  glassy 
smooth ;  and  as  it  advanced  towards  a  spectator  stationed 
at  Stonebench,  a  singular  effect  was  produced  by  the  dis- 
torted surface  of  the  wave  reflecting  the  rising  sun,  and 
brilliantly  illuminating  the  stems  and  branches  of  the 
wood  skirting  the  river  as  the  bore  passed  along — an 
effect  which  greatly  enhanced  the  interest  of  the  pheno- 
menon, which  is  at  aU  times  an  object  of  curiosity.     The 
stream  turned  up  the  instant  after  the  bore  passed,  and 
ran  at  the  rate  of  3f  miles  per  hour,  which  was  about 
half  the  average  rate  of  the  bore,  the  speed  of  which 
varied  from  12  to  7  miles  per  hour,  averaging  8  between 
Stonebench  and  Gloucester."     Admiral  Beechey  further 
says,  **  that  the  effect  of  a  fresh,  or  a  certain  depth  of 
water  in  the  river,  upon  the  advance  of  the  bore,  is 
remarkable.     At  dry  periods  the  great  obstruction  to  the 
progress  of  the  bore  lies  between  Sharpness  and  Bollow- 
pool,  and  at  such  times  the  many  dry  sand-banks  prevent 
the  bore  attaining  a  rate  greater  than  about  4  miles  an 
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hour  ;  but  when  the  river  is  under  the  influence  of  freshes, 
and  the  water  raised,  covering  some  of  the  banks,  it 
appears  to  roll  on  at  a  rate  of  10  miles  an  hour  in  oppo- 
sition to  the  stream,  which  runs  down  at  the  rate  of  up- 
wai'ds  of  4  miles  an  hour." 

The  phenomenon  of  the  bore,  called  mascaret  by  the 
French,  and  in  South  America  pororoca,  has  been  reported 
by  some  travellers  to  assume  dimensions  hardly  conceiv- 
able. Condamine,  in  describing  that  of  the  Amazon,  says,^ 
"  At  the  distance  of  a  league  or  two  a  frightful  noise  is  Amazon  Bore, 
distinguished,  the  herald  of  the  pororoca,  which  is  the 
name  given  by  the  Americans  of  the  district  to  this 
tremendous  hore.  In  proportion  as  it  advances  the  noise 
increases,  and  shortly  a  promontory  of  water  is  seen,  from 
12  to  15  feet  high,  which  is  succeeded  by  a  second,  after- 
wards another,  and  sometimes  again  a  fourth,  rapidly  im- 
pelled one  after  the  other,  and  filling  the  whole  breadth  of 
the  channel ;  this  bore  advances  with  prodigious  rapidity, 
and  carries  away  before  it  whatever  opposes  resistance." 

But  to  return   to   our   subject:  the   object   of  the  object  of 

improvements 

engineer  in  dealing  with  what  I  have  termed  the  tidal  on  tidal  com- 

partment. 

compartment,  is  to  facilitate  the  propagation  of  the  tidal 
wave  through  the  estuary  or  river,  for  which  he  has  to 
design  works,  so  as  to  increase  the  tidal  influence,  and 
also  to  decrease  the  tendency  to  the  heaping  up  of  water 
in  the  lower  reaches  of  the  river  during  flood-tide.  The 
heaping  up  of  the  tides,  and  the  bore  it  occasions,  wiU 
readily  be  admitted  to  be  a  great  evil,  and  if  my  remarks 
as  to  our  rivei*s  being  navigable  only  when  they  are  sup- 

1  Pinkertoo,  Travels,  vol  xiv.  p.  252. 
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plemented  by  the  presence  of  the  tide  be  true,  it  will  be 
no  less  obvious  that  all  extensions  of  the  period  during 
which  the  tide  is  operative  must  be  a  great  advantage ; 
and  this  is  what  I  mean  by  increasing  the  duration  or 
influence  of  the  tide.  It  will  be  found,  I  think,  in  the 
examples  I  have  hereafter  to  offer,  that,  with  proper 
management,  these  desirable  results  may  be  surely  accom- 
plished, and  the  amount  accurately  determined. 
Increase  of  This  is  probably  the  most  convenient  place  to  notice 

velocity  of  tidal  ,  ... 

propagation      some  facts  of  great  importance  in   River  Engineering, 

followed  by  i-ixii  c  ^  '  ^  •  ^ 

decrease  of  which  I  dcduce  ii'om  theso  considerations  as  to  the  nature 
currents.  of  the  tidal  propagation  and  tide  currents.  The  obstruc- 
tions to  which  I  have  alluded  retard  the  rate  of  pro- 
pagation, but  they  increase  the  velocity  of  the  tide 
currents.  Now,  as  the  aim,  and,  if  successful,  the  effect 
of  all  engineering  works,  is  to  increase  the  rate  of  tidal 
propagation,  no  less  certainly  will  they  tend  to  lessen  the 
heaping  up  of  water  in  the  lower  reaches,  and  at  the  same 
time  to  decrease  the  velocity  of  the  tide  currents.  In 
cases  where  these  currents  are  found  to  act  prejudicially 
by  producing  a  bore,  or  by  bringing  up  sand  from  the 
lower  parts  of  the  estuary,  or  where  they  are  inconveni- 
ently rapid  for  navigation,  we  are  thus,  while  increasing 
the  propagation  of  the  tidal  wave,  enabled  to  check  their 
energy,  and  thus  to  effect  an  important  improvement. 
The  level  of  Auothcr  circumstance   is   worthy  of   notice.     It   is 

rafsedTn^higher  ^^^^  kuovvn  that  the  momentum  of  the  column  of  water, 
reaches.  flowing  up  the  gradually  contracting  and  rising  channel 

of  a  river,   causes   the   level   of  high   water  to   stand 
higher  than  in  the  open  ocean  or  in  the  lower  reaches. 
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This  is  accounted  for  on  the  principle  of  the  conservation 
of  energy.  The  height  to  which  the  water  is  thus  raised 
depends  on  the  quantity  of  water  thrown  in  or  imprisoned 
by  the  tide  during  a  given  time,  the  elevation  being 
greatest  at  spring,  and  smallest  at  neap  tides,  as  I  have 
shown  at  pages  95  and  96.  At  the  Dee,  for  example,  I 
found  that  the  high  water  of  spring-tides  at  Chester  was 
14  inches  higher  than  that  at  Connah's  Quay;  while  at 
neap-tides  the  difference  of  level  was  only  4  inches.  From 
observations  given  by  Admiral  Beechy  it  appears  that  the 
high  water  at  Sharpness  is  sometimes  10  feet  8  inches 
higher  than  at  Minehead,  the  distance  between  the  places 
being  66  miles.  But  the  rise  of  tide  in  the  Bristol 
Channel  is  very  great,  and  its  tidal  phenomena  peculiar.^ 
In  considering  the  elevation  of  the  level  in  the  upper 
part  of  a  river,  as  a  mechanical  question.  Dr.  Whewell 
says  it  may  be  accounted  for  by  what  is  called  "  the 
principle  of  the  conservation  offeree.  When  any  quantity 
of  matter  is  in  motion,  its  motion  is  capable  of  carrying 
every  particle  of  the  mass  to  the  height  from  which  it 
must  have  fallen  to  acquire  its  velocity ;  but  if  the  motion 
be  employed  in  raising  a  smaller  quantity  of  matter,  it  is 
capable  of  raising  it  to  a  height  proportionally  greater. 
In  bays  and  channels,  which  narrow  considerably,  the 
quantity  of  water  raised  in  the  narrow  part  is  less  than 
in  the  wider,  and  thus  the  rise  in  such  cases  is  greater."* 

^  Admiral  Beechy  founrl  that  at  the  Severn  the  low  water  of  spring  tides 
does  not  fall  so  low  as  that  of  neai>8,  which  he  attributes  to  the  greater  quantity 
of  tidal  water  not  having  time  to  flow  out.  I  am  not  aware  of  a  similar  observa> 
tion  having  been  made  at  any  other  place. 

^  Philosophical  Tramactions,  1833,  p.  204. 
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The  level  of  Now,  as  the  effect  of  engineering  works,  as  will  be 

high  water  not  piii«iii  /»• 

necessarily  morc  lully  detailed  hereafter,  is  not  only  to  produce  a  free 
facilitating  propagation  of  the  tide,  but  to  admit  a  larger  body  of 
tion.  tidal  water,  it  has  been  contended  that  such  operations 

must  necessarily  cause  the  tide  to  rise  higher,  and  it  has 
been  attempted  to  be  shown  in  some  cases  in  my  own 
experience  that  they  would  necessarily  occasion  incon- 
venience, and  even  injury  to  property,  by  the  improved 
river  rushing  up  with  violence  and  overflowing  its  banks. 
After  the  most  careful  observation,  however,  I  have 
not  been  able  to  detect  that  such  operations  have,  in 
any  case,  had  the  effect  of  notably  raising  the  level  of  the 
high -water  line.  The  tide,  in  improved  rivers,  begins  to 
flow  earlier  than  before,  and  a  larger  body  of  water  is 
carried  up  the  navigable  channel,  of  increased  sectional 
ariga,  where  its  effect  is  most  useful,  but  the  same  works 
which  increased  the  propagation  have,  by  removing 
obstructions,  decreased  the  heaping  up  of  the  tide  and 
the  slope,  and,  consequently,  the  velocity  of  the  tide 
current ;  and  by  this  fortunate  compensative  action,  our 
rivers,  though  their  beds  are  opened  up  and  improved,  do 
not  inundate  our  towns,  or  even  overflow  our  quays,  but 
quietly  keep  within  their  original  limits.  That  such  im- 
provements, by  affording  a  more  rapid  discharge  at  ebb- 
tide and  low  water,  have  diminished  the  extent  of  land 
floods,  cannot,  I  think,  be  doubted.  At  Glasgow,  the 
floods  do  not  now  flood  the  Green  and  the  low-lying 
river"improve^.  streets  in  that  locality  as  they  used  to  do ;  and  at  the 
menti.  Tees,  Mr.  John  Fowler,  the  engineer  to  the  Navigation 

Trust,  says  that  previous  to  the  improvement  of  the  river 


Floods  at 
Glasgow  and 
Stockton 
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the  lower  parts  of  Stockton  were  frequently  flooded,  and 
in  the  High  Street  of  Yarm,  which  is  8  miles  above 
Stockton,  the  water  often  rose  5  or  6  feet,  but  since 
the  execution  of  the  works  there  has  been  no  such  flood- 
ing. But  this  land  flooding,  the  reader  will  bear  in  mind, 
is  in  no  way  connected  with  the  tidal  phenomena  which 
we  have  been  considering.  I  have,  however,  noticed  it,  in 
passing,  as  an  effect  of  river  improvement. 


CHAPTER  YIII. 

TIDAL  COMPARTMENT — WORKS  FOR  ITS  IMPROVEMENT. 

Removal  of  obstructions  to  tidal  flow — Weirs  erected  for  public  works — Works 
for  improvement  of  tidal  compartment  of  rivers — Ist,  Removal  of  lateral  ob- 
structions ;  jetties  objectionable ;  piers  of  bridges  objectionable — 2(1,  Training 
walls  ;  Ribble  low-water  training  walls  ;  comparative  advantages  of  straight 
and  curved  walls  ;  form  and  construction  of  river  walls — 3f^  Closing  of  sub- 
sidiary channels — 4th,  Substituting  straight  cuts  for  bends — 5th,  Dredging  ; 
its  introduction  ;  bag  and  spoon  dredge ;  bucket  between  two  lighters ;  steam 
dredges;  hand  dredges;  dredging  on  the  Clyde  and  Wear;  improvements  in 
steam  dredges  ;  dredging  on  Amsterdam  and  Suez  Canals ;  longitudinal  and 
cross  dredging  ;  blasting  at  Ballyshannon,  at  the  Severn,  and  at  St.  Heliers, 
Jersey  ;  dredging  in  exposed  situations — 6th,  Excavation  ;  by  diving-bell ; 
by  floatation  ;  by  cofferdams — 7th,  Scouring — 8th,  Reducing  the  inclination 
of  the  bed. 

Removal  of      Xhe  renioval  of  all  obstacles  to  the  flow  of  the  tide,  in- 

obstnictions 

to  tidal  flow,  eluding  the  deepening  of  the  navigable  channel,  is  the 
object,  as  already  stated,  to  which  attention  has  chiefly 
to  be  directed  in  designing  improvements  in  the  depart- 
ment of  navigation  we  are  now  considering ;  and  in  order 
to  form  a  satisfactory  opinion,  it  is  necessary  to  have  an 
accurate  survey,  showing  the  depths  of  water  and  the 
breadths  of  channel  throughout  the  whole  extent  of  the 
river,  as  well  as  the  amount  of  tidal  range,  the  velocity 
of  the  currents,  the  rise  on  the  bed,  and  the  nature  of  the 
materials  of  which  the  bottom  and  banks  are  composed, 
as  explained  in  the  chapter  on  Hydrometric  Observations. 
Possessed  of  this  information,  the  engineer  is  in  a  position 
to  consider  to  what  extent  the  bed  of  the  river  may,  with 
advantage,  be  deepened  and  widened,  and  the  currents 
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directed  by  means  of  walls ;  also  whether  subsidiary 
channels  may,  with  safety,  be  shut  up,  or  new  cuts  be 
made  for  the  passage  of  the  river,  or  whether  or  not 
irregularities  in  the  width,  which  injuriously  affect  the 
currents,  may  be  corrected.  The  effect  of  such  works 
will  be  to  cause  the  currents  of  flood  and  ebb  tide  to  flow 
always  in  one  channel,  and  thus  to  exert  their  fiill  and 
combined  power  in  keeping  open  one  navigable  track. 

Before,  however,  proceeding  to  describe  these  works,  Weirs  erected 

foT  works. 

it  is  perhaps  proper  to  notice  the  artificial  weirs  that  in 
some  tidal  rivers  have,  in  early  times,  been  erected  for 
the  jJurposes  of  manufacture.  The  removal  of  such  erec- 
tions, however  prejudicial  they  may  be  to  navigation,  is 
in  many  cases  attended  with  difiiculty,  owing  to  the  great 
value  of  the  interests  involved,  and  the  large  compensa- 
tion claimed  by  proprietors.  Such  weirs,  for  example,  Chester  weir. 
are  to  be  found  on  the  Dee  in  Cheshire  and  the  Lune  in 
Lancashire,  and  other  rivers ;  and  in  order  to  show  their 
obstruction  to  the  tidal  flow,  I  have  only  to  state  the 
facts  as  regards  the  weir  on  the  Dee,  which  was  erected 
at  an  early  date  for  supplying  water-power  for  Chester 
mills.  I  had  occasion  to  examine  it  with  reference  to 
the  extensive  flooding  of  the  meadow-lands  on  the  banks 
of  the  river  above  the  weir,  and  found  that  its  crest  was 
1 1  feet  6  inches  above  the  bed  of  the  river  immediately 
below  it,  and  that  the  level  of  the  crest,  if  extended  up 
the  river,  does  not  strike  the  bed  for  a  distance  of  7 
miles.  It  thus  presents  a  perpendicular  face  to  the  flow- 
ing tide,  which  is  completely  checked  until  it  rises  so  high 
as  to  reach  to  the  top  of  the  weir,  and  this  happens  only  at 
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high  spring-tides.  The  weir,  therefore,  forms  an  artificial 
pond  in  the  river  s  bed  of  7  miles  in  length,  which,  were 
the  obstacle  removed,  would  be  filled  and  emptied  as  the 
tide  flowed  and  ebbed,  and  thus  the  scouring  power  of 
the  river  would  be  increased.  But  the  vested  interests 
of  the  mill-owners  cannot  be  violated. 

The  removal  of  existing  quays  and  other  works  of  long 
standing,  as  in  the  case  of  the  Tyne,  the  Wear,  and  other 
rivers,  is  also  for  the  same  reason  difficult,  and  works 
must  often  be  designed  for  such  localities  which  shall  not 
injuriously  affect  existing  property,  unless,  indeed,  as  in 
the  cases  of  the  Thames  between  Westminster  and  London 
Bridge,  and  the  Foyle  at  Londonderry,  where  the  rights 
of  all  proprietors  were  purchased,  and  a  line  of  quays 
formed  to  meet  the  public  convenience  irrespective  of 
private  interests. 

These  weirs  and  quays,  however,  present  difficulties, 
which  may  be  regarded  as  financial  rather  than  engineer- 
ing, but  I  have  thought  it  right  to  notice  them,  in  passing, 
and  shall  proceed  to  consider  the  works  which  will  be 
found  to  be  generally  applicable  to  river  improvements, 
under  the  following  heads  : — 
Works  for  river        1.  Removal  of  lateral  obstructions. 

improvement  m      •     •  11 

2.  irammg  walls. 

3.  Closing  of  subsidiary  channels. 

4.  Substituting  straight  cuts  for  bends. 

5.  Dredging. 

6.  Excavation. 

7.  Scouring. 

8.  Reducing  the  inclination  of  the  bed. 
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1.  Removal  of  Lateral  Obstructions. 

Under  the  "  Removal  of  Lateral  Obstructions"  may 
be  classed  all  those  works  which  have  for  their  object  the 
formation  of  proper  outlines  for  the  banks  or  sides  of  the 
river.     In  the  early  history  of  river  engineering  it  was  Jetties 

objectionable. 

common  to  construct  jetties  or  groins  projecting  from  the 
banks  on  either  side,  with  the  view  of  narrowing  the 
stream,  and  producing  a  greater  scouring  power  to  operate 
on  the  bottom.  It  is  no  doubt  true  that  such  projections 
have  the  effect  of  producing  a  local  acceleration  of  the 
currents,  and  in  soft  bottoms  a  corresponding  increase  of 
depth  in  their  immediate  vicinity.  But  this  increase  of 
velocity  and  depth  being  due  entirely  to  the  obstruction 
and  consequent  raising  of  the  level  of  the  water  caused 
by  the  jetty,  is  strictly  local.  Whenever  the  water  passes 
the  end  of  the  jetty,  it  expands  into  the  gi'eater  width 
of  bed,  the  head  is  reduced,  a  stagnation  or  eddy  takes 
place,  and  a  bank  or  shoal  is  formed — a  result  which 
invariably  follows  the  projection  of  any  obstruction  or 
foreign  body  into  a  stream  having  a  soft  bottom.     I  have 
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Fio.  34. 

often  observed  this  on  the  river  Dee,  in  Cheshire,  where  Dee  jetties,  bad 

effect  of. 

there  is  a  long  straight  reach  with  jetties  projecting  from 
one  side,  and  a  continuous  embankment  on  the  opposite 
side  of  the  channel,  as  represented  by  the  dark  lines  in 


20G  CANAL  AND  RIVER  ENGINEERING. 

fig.  34,  which  is  a  small  portion  of  the  Dee  at  low  water, 
the  direction  of  the  current  being  shown  by  the  arrow. 
From  this  cut  it  will  be  understood  that  at  the  ends  of 
the  two  jetties  there  are  holes  12  or  14  feet  deep  at  low 
water,  while  a  sand-bank  or  shallow,  nearly  dry  at  low 
water,  extends  into  the  river  between  the  jetties.  The 
manner  in  which  the  tidal  current  is  distorted  by  the  jet- 
ties is  shown  in  fig.  35,  which  represents  the  same  portion 
of  the  Dee  during  the  flowing  tide.    The  current,  indicated 


Fig.  35. 

by  the  large  arrow,  on  reaching  the  jetty  A,  is  obstructed, 
and  consequently  the  level  of  the  surface  is  raised,  so  that 
the  water  on  the  seaward  side  of  A  is  some  inches  higher 
than  on  its  landward  side.  The  surface  of  the  river  at  B 
is  also  raised,  and  a  strong  current  is  generated  past  the 
end  of  the  jetty,  which  curls  round  into  the  space  between 
the  jetties  A  and  C.  The  main  stream  passing  on,  im- 
pinges against  the  jetty  C,  raising  a  head  at  its  seaward 
side,  and  a  corresponding  current  towards  the  shore  C  A, 
along  which  it  flows,  and  toward  the  root  of  the  jetty  A, 
where  the  level  of  the  water  is  also  low.  The  whole  of 
this  complicated  motion  takes  place  in  not  very  many 
seconds,  and  the  result  is  a  counter-cun-ent  and  eddy 
between  the  jetties  ;  and  this  action  continues  during  the 
whole  flow  of  the  tide,  and  is  more  or  less  marked  accoixl- 
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ing  to  the  strength  of  the  current ;  for  it  must  be 
remembered  that  the  depression  on  the  upper  sides  of  the 
jetties  is  not  immediately  filled  up  by  the  rush  of  water 
round  the  extremity,  because  the  head  which  produces 
the  velocity  continues  to  increase  with  the  rising  tide, 
and  the  effect  shown  in  fig.  35  will  continue  until  slack 
tide,  when  the  siu-face  of  the  water  above  and  below  the 
jetties  attains  the  same  level.  A  similar  action,  the 
directions  of  the  currents  being  reversed,  takes  place  at 
ebb  tide,  and  in  a  river  with  a  sandy  bottom  like  the 
Dee,  it  is  not  difficult  to  imagine  the  consequence  of  such 
a  disturbance  of  currents  in  excavating  holes  and  throw- 
ing up  shoals. 

As  an  aggravated  instance  of  the  tendency  of  all  ob-  instance  on 
structions  to  produce  currents  and  distortion  of  the  bed  obstruction 

caused  by  ves- 

of  a  river,   I  may  refer  to  a  vessel  of  about  170  tons,  sei  grounding, 
which,  by  the  breaking  of  a  tow-line,  grounded  in  the 


¥io.  36. 


Tay  when  there  was  some  flood  in  the  river.  The  con- 
sequence of  this  mishap  is  shown  in  fig.  36,  where  the 
vessel  is  represented  at  a  as  lying  in  a  pool  which  was 
scoured  to  the  depth  of  10  feet  in  the  course  of  a  few 


jettying. 
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tides  ;  and  the  gravel  thus  excavated  by  the  current,  act- 
ing on  the  grounded  vessel,  and  amounting  to  upwards  of 
1000  tons,  was  deposited  in  the  form  of  a  bank  5  feet 
above  low  water  immediately  below  the  pool,  as  shown  in 
hatched  lines.  Thus,  although  the  current  in  its  natural 
state  was  not  sufficiently  strong  to  act  on  the  bed  of 
the  river,  the  foreign  body  or  obstruction  caused  by  the 
grounded  vessel  raised  a  head  of  water  which  produced  a 
current  powerful  enough  to  excavate  hundreds  of  tons  of 
gravel  in  a  few  hours.  A  similar  effect,  though  varying 
in  degree,  occurs  in  all  rivers  confined  by  jetties,  such  as 
Result  of  cross  those  on  the  Dee,  to  which  I  have  referred.  Rivers  so 
treated  present  an  alternation  of  shoals,  nearly  dry  at 
low  water,  and  deep  pools,  instead  of  a  regular  bottom 
and  a  uniform  depth  of  water  available  for  the  purposes 
of  navigation  ;  and  it  is  wonderful  how  long  the  system 
of  "jettying,"  or,  as  it  is  teimed  in  England,  "cauling" 
a  river  continued  to  be  advocated  and  followed  by 
engineers.  The  Clyde,  Tyne,  Tees,  and  other  rivers, 
suffered,  if  I  may  use  the  expression,  from  jetties,  con- 
structed at  great  expense,  intended  to  confine  and  im- 
prove, but  which  rather  tended  to  distort  their  channels. 
On  the  Clyde  and  some  other  rivers  the  ends  of  the  jetties 
were  latterly  connected  by  longitudinal  walls,  which  no 
doubt,  to  some  extent,  obviated  the  evils  described  as  pro- 
duced by  the  jetties  on  the  Dee.  But  still  it  was  long 
generally  believed  that  jetties  must,  in  the  first  instance, 
be  constructed,  even  althougli  their  extremities  might 
afterwards  be  connected  with  longitudinal  walls  if  neces- 
sary.    From  the  Clyde,  the  upper  part  of  the  Ribble,  the 
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Tay,  and  the  Tees,  and  other  rivers,  they  have  been 
entirely  removed.  I  have  invariably  found  that,  where- 
ever  jetties  existed,  their  entire  or  partial  removal  formed 
one  of  the  first  steps  towards  an  improvement  of  the 
navigation,  being,  in  all  cases  which  have  come  within 
my  experience,  followed  by  good  results  ;  but  I  am  not 
prepared  to  say  that  there  may  not  be  some  special 
case  in  which  a  jetty  may  be  advantageously  employed 
in  a  navigable  channel;  and,  indeed,  I  on  one  occasion 
recommended  it,  to  reduce  an  undue  width  of  channel, 
where  circumstances  connected  with  access  to  the  land 
prevented  the  formation  of  a  wall,  and,  of  course,  for  other 
purposes,  such  as  the  protection  of  a  river's  banks  without 
reference  to  navigation,  they  ai*e  often  very  useful,  and 
in  no  manner  detrimental. 

What  I  have  said  as  to  the  injurious  effects  of  jetties  Piers  of  bridges 

!•  pi'i  1  Objectionable. 

applies  with  equal  force  to  the  piers  of  bridges  erected 
across  tidal  rivers. 

At  the  bridge  over  the  Lary,  near  Plymouth,  erected  Artificial  pro- 
by  Mr.  J.  M.  Kendel,  it  was  found  that  the  scour  was  bottom  under 
operating  injuriously  on  the  bottom,  and  he  applied  an 
artificial   bed   of  clay  from  18    inches  to   2   feet   thick,  Lary  Bridge, 
covered  with  stones  of  all  sizes  from  200  lbs.  downwards, 
to  protect  the  clay  from  the  run  of  the  water,  the  clay 
having   a   good    effect    in    preventing   the    stones  from 
being  moved ;  the  combined  thickness  of  the  clay  and 
stones  was  from  2  feet  to  2  feet  6  inches,  thus  replacing 
the  loss  of  the  natural  bed  which  had  been  scoured  away. 
This  artificial  bed  was  found  to  be  quite  successful,  and 
resisted  a  current  of  nearly  5  miles  an  hour.     Messrs.  D. 
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and  T.  Stevenson  suggested  a  similar  remedy  for  the  rail- 
inverness        way  bridge  at  Inverness,  where  scouring  to  the  depth  of 

Bridge. 

6  feet  had  occurred.  In  both  cases,  the  original  bed  being 
restored,  the  velocity  of  the  currents  was  increased  by 
the  reduction  of  water-way  due  to  the  piers  of  the  bridge. 
But  in  navigable  rivers  it  is  not  always  desirable  to  in- 
crease the  velocity  of  the  current,  but  rather  to  found  the 
piers  so  low  as  to  place  them  beyond  risk  of  injury  from 
scouring.  As  an  instance  of  this  I  may  mention  the  rail- 
Londondeny     way  bridge  across  the  Foyle  at  Londonderry.     The  scour- 

Bridge  scour 

produced  by     ing  which  took  place  there  operated  chiefly  on  the  eastern 

piers. 

or  concave  side  of  the  river,  and  the  deepest  cavities  were 
in  immediate  proximity  to  the  piers  of  the  bridge, — 
results  which,  from  what  I  have  stated  as  to  the  Dee, 
would  naturally  happen.  The  greatest  depth  scoured 
from  the  bed  of  the  river  was  about  4  feet  between  the 
piers,  and  increased  at  the  piers  themselves  to  about  8 
feet.  The  transverse  section  of  the  river  showed  that  the 
aggregate  width  of  the  piers  of  the  bridge  and  side-walls 
was  150  feet,  being  about  a  sixth  of  the  whole  width  of 
the  river  at  the  place  in  question.  The  sectional  area  of 
the  river  previous  to  the  erection  of  the  bridge  was 
18,079  square  feet  at  half  tide,  when  the  current  is 
strongest,  and  the  piers  occupy  a  space  of  2475  square 
feet,  reducing  the  sectional  area  of  the  river  by  that 
amount.  It  is  obvious  that  in  all  such  cases,  if  an  equal 
quantity  of  water  is  to  flow  into  the  upper  part  of 
the  river  in  the  same  time  as  before  the  erection  of  a 
bridge,  the  velocity  of  the  currents  must  necessarily  be 
increased  in  proportion  as  the  sectional  area  is  diminished. 
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This  increiised  cuirent,  acting  on  the  soft  bottom,  must 
gradually  gain  in  depth  what  has  been  taken  from  the 
water-way  in  width,  and  whenever  the  deepening  is  suf- 
ficient to  compensate  for  the  diminution  of  sectional  area 
caused  by  the  piers,  the  scouring  action  will  cease.  The 
sectional  area  occupied  by  the  piers  of  the  Foyle  Bridge 
at  half  tide  was,  as  already  stated,  2475  feet,  and  the 
sectional  area  scoured  from  the  bed  of  the  river  was  about 
1868  square  feet;  and  in  reporting  on  the  subject  to  the 
Harboiu-  Coixunissioners  it  was  stated  that  the  scouring 
might  be  expected  to  continue  imtil  the  increased  sec- 
tional area  should  have  so  far  diminished  the  velocity  of 
the  currents  as  to  render  them  inoperative  on  the  bed  of 
the  river — a  result  which  has  since  been  verified  ;  and  as 
the  piers  of  the  bridge  had  been  earned  by  Sir  John  Hawk- 
shaw,  who  was  engineer  to  the  railway  company,  upwards 
of  30  feet  below  the  bed  of  the  river,  the  stability  of  the 
structure  was  not  affected,  and  the  velocity  of  the  tides 
through  the  opening  draw  of  the  bridge,  made  for  the 
passage  of  ships,  was  not  increased.  A  similar  result  hap- 
pened at  the  railway  bridge  across  the  river  Tay,  where,  Perth  Bridge, 
from  sections  made  in  1847  and  1849,  before  and  after  the 
bridge  was  built,  it  appeared  that  the  bed  of  the  river, 
which  consisted  of  gravel,  had  been  scoured  to  the  extent 
of  2  or  3  feet,  and  that  the  scouring  ceased  whenever  the 
normal  proportions  between  the  quantity  of  water  passed 
and  the  sectional  area  were  restored.  In  a  river  like  the  Limits  of 
Tay,  where  the  bottom  is  gravel,  it  may  fairly  be  assumed  '^*'°""^ **=*'""• 
that  when  the  scour  of  high  floods  has  enlarged  the  water- 
way the  bed  of  the  river  wiU  continue  unaltered,  because 
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the  material  that  has  been  scoured  out  is  so  heavy  that 
only  the  velocity  of  a  heavy  land-flood  can  move  it,  and, 
therefore,  the  mere  flow  of  the  tide  cannot  again  disturb  it. 
But  in  rivers  having  soft  beds,  composed  of  fine  sand  or 
silt,  easily  moved,  the  material  scoured  by  land-floods  is 
brought  back  by  the  flood,  and  thus  it  is  impossible,  when 
piers  or  other  obstructions,  such  as  jetties,  are  placed  in 
rivers  with  soft  bottoms,  to  preserve  a  uniform  depth  of 
water,  as  it  changes  from  fortnight  to  fortnight  with  the 
constantly  changing  velocities  of  neap  and  spring  tides. 

The  only  other  remark  which  I  have  to  offer  on  this 
section  of  works  is,  that  in  some  instances  where  the 
river  is  contracted  by  the  projection  of  quays,  or  by  the 
natural  formation  of  the  banks,  it  may  be  found  advisable, 
where  it  can  be  done  consistently  with  existing  interests, 
to  enlarge  the  cross-sectional  area  in  order  to  reduce  the 
velocity  of  the  cuiTents,  and  prevent  disturbance  of  the 
tidal  flow.  Indeed,  it  may  be  laid  down  as  a  general 
principle  in  designing  works  for  river  improvements,  oit 
the  one  hand,  not  to  adopt  a  ivater-way  so  great  <is  to 
reduce  the  scouring  power  and  produce  shoaling,  nor,  on 
the  other  hand,  so  small  as  to  increase  the  cuiTcnt  hei/ond 
what  is  convenient  for  the  pi^oper  management  ofvci^ml^. 

2.   Training  Walls. 

In  open  estuaries  filled  with  sand-banks,  the  courees 
of  rivers  are  liable  to  constant  alteration,  due  to  eveiy 
change  in  the  tides  or  winds.  The  woodcut  of  the  Lune, 
fig.  37,  illustrates  this  remark.  The  several  dotted  lines 
represent  the  variations  of  the  river  during  the  period  of 
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a  few  years.  This  tendency  to  deviate  from  channel  to 
channel  is  common  to  all  rivers  that  are  left,  undirected, 
to  work  their  w;ay  through  a  tract  of  sand,  and  is  utterly 
Frets.  destructive  to  navigation.  Continued  during  every  flood 
and  ebb  tide,  it  sets  loose  a  large  amount  of  floating  sand, 
which  is  daily  drifted  to  and  fro,  and  deposited  in  some 
new  situation.  One  of  these  "  frets "  at  the  Mersey  is 
stated  by  Captain  Hills  to  have  extended  over  a  period 
of  2f  years,  and  during  that  period  there  occurred  a 
transposition  of  alluvium  amounting  to  5,800,000  cubic 
yards.  A  channel  which  is  thus  constantly  shifting  its 
course  never  remains  sufficiently  long  in  one  position  to 
form  for  itself  a  properly  defined  bed,  but  is  in  fact  always 
in  a  transition  state ;  the  sand  which  is  worn  from  the 
concave  side,  where  there  is  the  greatest  scour,  being 
thrown  to  the  convex  side  of  the  stream,  while  some  por- 
tion of  the  floating  materials,  carried  to  and  fro  during 
this  process  of  perpetual  change,  is  often  deposited,  and 
forms  shoals  in  the  middle  of  the  fairway.  A  river  left  in 
this  state  of  nature  cannot  possibly  attain  the  maodmum 
depth  due  to  the  natural  scour  of  the  tidal  currents,  as 
their  power  is  expended  in  abrading  and  removing  the 
sand-banks  through  which  the  stream  flows,  and  not,  as 
it  ought  to  be,  in  deepening  and  scouring  its  bed.  In 
such  cases  what  is  wanted  is  to  secure  a  permanent 
Channel  should  channel,  by  guiding  the  first  of  the  flood  and  the  last  of 
walls.  ^  ^^  ebb  tide  by  means  of  walls,  so  that  the  strength  of 
the  currents  may  constantly  operate  on  the  sanie  line  of 
channel.  In  this  way  it  is  obvious  that  not  only  will  the 
advantage  of  a  permanent  navigable  track  be  obtained, 
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but  the  constant  action  of  the  currents  of  flood  and  ebb 
tide  flowing  in  the  same  channel,  will  secure  a  much 
greater  permanent  depth  than  they  could  possibly  do  if 
permitted  to  wander  at  random  through  the  estuary, 
sometimes  operating  in  the  same  channel,  and  at  other 
times  directly  opposed  to  each  other,  and  these  results 
can  best  be  attained  by  training  walls. 

In  1836,  Ml'.  James  Walker  was,  I  believe,  the  first  to  ciydeiow- 
propose  low  parallel  walls  for  the  Clyde  at  Dumbarton ;  walls. 
but  I  believe  I  am  also  correct  in  saying  that  the  Ribble 
was  the  first  river,  passing  through  an  estuary  of  sand-  RibWe  waUs, 
banks,  which  was  improved  by  excavation  and  low  training 
walls  alone;  and  even  long  subsequent  to  the  successful 
construction  of  training  walls  on  the  Ribble,  jetties  con- 
tinued to  be  erected  on  the  Tyne,  the  Tees,  and  other 
rivers.  Even  in  1850,  twelve  years  after  the  Ribble 
works  were  commenced,  I  gave  evidence  in  support  of  a 
Conservancy  Bill  for  the  river  Tyne,  which  was  intended 
to  introduce  a  new  system  of  treating  the  river ;  and  in 
speaking  of  the  condition  of  the  Tyne  at  that  time,  I 
stated  that  "  the  works  which  have  been  executed  to 
improve  its  condition,  consisting  of  groynes  or  jetties 
raised  above  the  level  of  high- water  mark,  and  extending 
into  the  channel,  are  by  no  means  judicious ;  that  had 
such  works  been  adopted  as  have  of  late  years  been  intro- 
duced with  unquestionable  advantage  in  various  rivers, 
the  Tyne  would,  like  them,  have  been  in  a  condition  very 
different  from  what  it  now  presents ;  and  moreover,  by 
the  present  system  of  working,  I  believe  that  the  Tyne, 
viewed  as  a  whole,  rwver  can  he  improved  to  any  great 
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Comparative 
advantages  of 
straight  and 
curved  walls. 


extent  J  if  at  all."  I  need  not  add  that  these  remarks  in 
no  respect  apply  to  the  present  state  of  the  Tyne  naviga- 
tion. 

The  proposal  to  improve  the  river  Ribble  by  boldly 
projecting  rubble  walls  through  its  sandy  estuary,  with- 
out any  cross  jetties  to  check  the  tide  and  prevent  its 
flowing  up  on  either  side  behind  the  walls,  was  considered 
as  hopeless,  and  it  was  with  no  little  difficulty  that  I 
could  persuade  the  directors  of  the  Company,  amid  much 
contending  local  advice,  to  try  the  experiment;  and  it 
was  not  until  after  several  interviews,  that  the  Admiralty, 
represented  by  Admiral  Sir  F.  Beaufort,  as  hydrographer, 
and  Captain  Washington,  as  chief  officer  in  the  hydro- 
graphic  department,  gave  the  official  assent  to  works 
which  have  since,  in  many  instances,  proved  to  be  the 
proper  treatment  for  such  a  river. 

Questions  have  been  raised  as  to  the  comparative 
advantages  of  straight  and  curved  walls  for  directing  a 
channel.  I  believe  the  engineer  will  find  that,  in  most 
cases,  the  direction  of  such  walls  must  be  determined,  not 
by  any  abstract  consideration  as  to  the  superiority  of 
straight  or  curved  walls,  but  chiefly  by  the  relative  posi- 
tions of  the  points  between  which  the  stream  is  to  be 
conducted,  and  the  outline  and  geological  formation  of 
the  shores  and  banks  of  the  estuary  that  intervene 
between  those  points.  The  consideration  of  such  matters 
may  render  it  expedient,  according  to  the  special  cii'cum- 
stances  of  the  locality,  to  adopt  walls  having  concave, 
straight,  or  convex  outlines,  as  shown  in  figs.  38,  39,  and 
40. 
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Viewed  as  a  purely  abstract  question,  it  may,  I  think, 
be  safely  aflfirmed  that  a  stream  is  most  likely  to  follow  a 
permanent  coiu*se  when  directed  by  a  concave  wall,  as 
shown  in  fig.  38,  in  which  the  axis  of  the  stream  is  repre- 
sented by  the  dotted  line.  The  momentum,  or  so-called 
centrifugal  force,  of  the  water  in  curved  channels  has  a 
tendency  to  throw  the  greater  portion  of  the  water  to  the 
concave  side,  and  thus  the  greatest  scouring  power,  and 
consequently  the  greatest  depth  of  the  stream,  will  be 
foimd  upon  that  side,  as  must  have  been  observed  by  all 
who  have  had  occasion  to  study  the  subject.  In  a  channel 
directed  by  straight  walls  (fig.  39),  the  current  has  no  such 
decided  bias  for  either  wall,  and  is  consequently  more 
easily  thrown  across  from  side  to  side.  A  wall,  on  the 
other  hand,  having  a  convex  outline,  as  shown  in  fig.  40, 
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is  (especially  if  the  radius  of  ciirvature  be  small)  still  less 
suitable  as  a  guide,  as  the  line  of  wall  diverges  from  the 
direction  of  the  axis  of  the  current.  These  remarks  are 
not  theoretical,  as  I  have  found  that  their  correctness 
has  been  verified  by  cases  in  actual  practice.     There  is 
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doubtless  some  disadvantage  in  the  deep  water  being  on 
one  side  of  the  channel,  as  showni  in  the  cross-section, 
fig.  41.  It  would  be  more  convenient  for  navigation  were 
the  deep  water  in  the  centre;  but  it  is  found  that  the 
current  has  a  tendency  to  adhere  to  one  or  other  of  the 
walls,  and  it  is  better  that  the  channel  should  keep  con- 
stantly to  one  wall,  than  that  it  should  alternate  from 
side  to  side,  as  is  more  apt  to  be  the  case  in  absolutely 
straight  channels.  It  is,  however,  proper  to  state  that 
Mr.  Fowler,  the  engineer  of  the  Tees  Navigation,  has 
found  no  practical  difficulty  in  maintaining  very  constantly 


Fig.  41. 

a  fair  navigable  channel  in  the  long  straight  reach  on  the 
Tees,  upwards  of  a  mile  in  length,  where  the  river  is 
trained  by  two  parallel  walls. 
Rules  for  The  direction  of  river  waUs  must,  however,  be  carefully 

training  walls.  Considered  by  the  engineer  with  reference  to  existing  cir- 
cumstances, as  it  is  a  point  which  clearly  requires  that 
every  case  be  judged  on  its  own  merits.  But  I  think  it 
will  be  found  safe  in  executing  such  works  to  adliere  as 
closely  as  possible  to  the  following  general  rules,  which 
are  the  result  of  experience,  chiefly  at  the  Lune,  the 
nibble,  and  the  Nith  : — 
Walls  shouM  Firsts  The  channel  through  open  estuaries  should,  in 

all  cases  where  funds  will  admit  of  it,  be  guided  by  double 
walls.  In  cases,  however,  where  the  estuaiy  is  bounded 
by  a  hard  beach,  presenting  a  favourable  line  of  direction, 
a  single  wall  may  occasionally  be  found  sufficient,  as  at 
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Curves.  the   Nith.     All   curves  which   it   may  be  necessary  to 

introduce  should  be  of  as  large  a  radius  as  possible,  and 
should,  if  practicable,  be  tangential  to  each  other,  or  to 
the  straight  parts  of  the  line  with  which  they  are 
connected. 
Height  of  walls.  Secoiid,  The  walls  should  not  be  raised  to  a  higher 
level  above  the  low- water  line  than  is  absolutely  neces- 
sary for  the  purpose  of  directing  the  early  and  late 
currents  of  the  tide ;  and  their  position  should  be  marked 
by  occasional  perches. 

Fig.  42  represents  the  disposition  of  such  walls  in 
estuaries,  as  executed  under  the  direction  of  Messrs. 
Stevenson.  They  are  raised  from  3  to  5  feet  above  the 
low-water  line,  so  that,  while  they  guide  the  low-water 
channel,  they  do  not  prevent  the  tide  at  high  water  from 
flowing  on  either  side  of  them  and  filling  the  estuary. 

Third,  River  walls  should,  during  their  erection,  be 
pushed  forward  with  vigour,  and  not  in  a  desultory,  timid 
manner,  the  effect  of  such  a  course  being  to  increase  the 
depth  of  water  in  which  the  wall  has  to  be  made,  and 
the  amount  of  stone  required  for  its  construction. 

Fourth,  It  will  be  found  that  such  walls  as  I  have 
been  describing  will  be  most  advantageously  formed  of 
rough  rubble  stones,  backed  with  clay  and  gravel,  in  the 
manner  shown  in  fig.  43. 

Fifth,  In  determining  the  proper  width  of  channel  to 
be  formed  by  training  walls,  the  engineer  must  be  guided 
by  a  careful  consideration  of  the  fresh-water  and  tidal 
discharge,  and  the  trade  to  be  provided  for.  The  walls 
on  the  lower  part  of  the  Eibble  and  the  Tees  are  from 
400  to  500  feet  apart. 


Walls  should 
be  piished 
forward  with 
vigour. 


Materials  for 
walls. 


Width  of 
channel. 
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Care  must  be  taken  not  to  adopt  a  channel  of  so  great  Channel  should 

not  b«  too  wide. 

a  width  as  to  decrease  too  much  the  scouring  power 
of  the  currents.  It  was  found  on  the  Dee,  from  a  series 
of  observations  kept  for  eight  years,  that  the  two  places,  at 
which  the  depth  was  most  frequently  below  the  standard 
of  15  feet  at  high  water,  were  Saltney,  where  the  channel 
had  been  increased  in  width  to  accommodate  shipping, 
and  Upper  Ferry,  where  it  had  been  enlarged  to  suit  the 
ferry  traffic.     Out  of  139  instances  of  deficient  depth  in 


Fig.  43. 

the  river,  during  the  eight  years,  65  had  occurred  at  Upper 
Ferry  and  38  at  Saltney.  It  was  found  at  Saltney  that 
the  vessels  moored  at  Saltney  wharves  had  the  effect  of 
increasing  the  scour  on  the  bottom,  and  keeping  the 
deep  water  close  to  the  line  of  quays. 

It  was  found  by  Mr.  Park,  under  whose  immediate  sinking  of 

wall  founda- 

directions,  as  local  engineer,  the  walls  on  the  river  tions. 
Ribble  were  constructed,  that  their  foundations,  with  few 
exceptions,  did  not  sink  more  than  a  few  feet  below  the 
sand,  which  I  have  also  found  to  be  the  case  in  many 
other  places  where  such  walls  have  been  formed  in  sandy 
bottoms.  As  to  the  silting  up  action  which  occurs 
behind  such  walls,  it  will  be  fully  discussed  in  Chapter 
XIII.     The  fact  of  their  being  parallel  to  the  tidal  cur- 
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rents,  and  of  low  level,  prevents  any  very  severe  scour 
from  affecting  their  foundations,  as  the  water,  so  soon  as 
it  overtops  the  wall,  gets  relief  by  flowing  over  the 
banks  on  either  side  of  the  channel ;  but  notwithstanding 
this  flow  of  the  current  over  the  walls,  the  track  between 
them,  being  the  deepest  part  of  the  river,  will  be  found 
always  to  afford  the  strongest  navigable  current,  so  that  in 
navigating  the  channel  there  is  no  tendency  for  vessels  to 
be  driven  across  the  walls ;  indeed  I  am  not  aware  of  a 
Result  of  too  single  instance  of  ships  fouling  low  training  walls.  In 
the  Dee.  designing  walls  for  the  lower  part  of  the  Dee,  at  Connah's 

Quay,  Telford,  with  a  view,  no  doubt,  chiefly  to  making 
land,  advised  the  Kiver  Dee  Land  Company  to  make 
their  bank  much  too  high,  and  combined  with  it  the  old 
transverse  jetties.  The  wall  at  Connah's  Quay  is  carried 
up  nearly  to  high-water  level,  and  the  scour  was  so  great 
that  an  unnecessarily  large  amount  of  stones  was  ex- 
pended in  filling  up  the  deep  pools  scoured  below  the 
level  of  the  sand.  In  designing  improvements  for  the 
Dee  Navigation,  In  1840,  I  recommended  that  the  high- 
level  walls  should  be  discontinued,  and  that  a  wall  on 
a  low  level  should  be  adopted,  similar  to  the  works 
executed  on  the  Ribble,  where  considerable  opposition 
was  encountered  in  introducing  the  low  parallel  walls, 
as  explained  at  page  216.  In  forming  these  walls  it  will 
be  found  necessaiy  from  time  to  time  to  add  additional 
stones  to  make  up  slips,  before  attempting  to  pitch  the 
top  or  fac-e  of  the  wall. 

3.   Closing  Subsidiary  Channels, 
Tlie  next  work  to  be  noticed  is  the  closing  of  what  I 
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term  subsidiary  channels,  which  are  sometimes  called 
hixch  lakes  or  blind  channels,  and  are  caused  by  islands  in 
the  river,  so  that  instead  of  flowing  in  one  broad,  deep, 
and  navigable  bed,  kept  open  by  the  whole  available 
scouring  power,  the  river  is  divided  into  two  shallow 
channels,  neither  of  them  affording  a  good  navigation, 
while  frequently  a  ford  or  shallow  is  deposited  both 
above  and  below  the  island  caused  by  the  disturbance 
which  occurs  at  the  junction  of  the  divided  cuiTents. 
The  object  of  these  operations  will  be  understood  from 
fig.  44,  which  shows  a  portion  of  the  Tay.     On  the  Tay  Subsidiary 

channel  on  the 
Tay. 


and  the  Lune  sevei'al  such  secondary  branches  were,  with 
much  advantage  to  the  navigation,  closed  up  by  means  of 
embankments,  formed  of  gravel  dredged  from  the  river, 
while  the  other  or  principal  bi'anch  was  enlarged  and 
deepened,  so  as  fully  to  compensate  for  the  closing  of  the 
smaller  channel,  and  to  assimilate  its  cross-sectional  area 
to  the  rest  of  the  navigable  track. 

The  closing  of  the  channels  behind  the  islands  on  the 
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Tay,  and  turning  the  whole  flow  into  one  channel,  was 
not  followed  by  a  sensible  rise  in  the  surface  or  flooding 
of  the  shores  of  the  remaining  channel.  But  the  increase 
of  velocity  in  it  was  very  marked.  For  some  time, 
indeed,  it  was  found  that  every  flood  wasted  and  cut  the 
banks  to  such  an  extent  as  rendered  it  impossible  to 
draw  the  fishing-nets  until  the  sectional  area  had  been 
enlarged,  and  the  current  so  reduced  as  to  admit  of  the 
banks  being  properly  dressed  and  laid  with  broken  stone, 
showing  that  there  may  not  be  any  sensible  increase  of 
height  in  the  surface,  even  when  there  is  a  considerable 
augmentation  in  the  quantity  of  water  discharged  ;  but 
seeing  that  the  increased  velocity  is  due  to  increased 
slope,  there  must  have  been  some  elevation  of  the  surface 
opposite  to  the  closed  entrance,  so  that  it  is  not  possible, 
as  averred  by  certain  philosophers  of  the  Italian  school, 
that  a  small  river  may  enter  a  large  one  without  increas- 
ing its  sectional  area.^  The  shutting  up  of  all  such 
lateral  branches  should  invariably  be  preceded  by  a 
careful  comparison  of  accurate  sections  of  the  two  channels 
and  the  velocities  of  the  currents  running  in  them. 
Plan  of  opera-  The  embankments  as  shown  in  fig.  44  should  be  made 

at  the  upper  end  of  the  channel  to  be  closed.  They 
should  be  raised  gradually  across  its  whole  width.  They 
may  be  made  of  fascines  or  pile-work,  when  the  bed  is 
soft ;  and  in  cases  where  the  dredgings  from  the  river 
consist  of  heavy  gravel,  I  have  made  banks  by  simply 
depositing  the  dredged  materials  across  the  mouth  of  the 
channel,  allowing  the  currents  to  scatter  them  to  the 

'  Se«  Friai's  remarka  on  thia  controversy,  p.  61 . 


tions. 
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proper  slope.  Dredgings  so  deposited  from  day  to  day 
will  ultimately  bring  the  bank  to  its  proper  height,  when 
it  can  be  further  strengthened  from  behind,  by  floating 
the  punts  at  high  water  up  the  old  channel,  which  may 
be  left  open  at  the  lower  end  so  as  to  allow  it  to  silt  up. 

4.  Substituting  Straight  Cuts  for  Bends. 

In  rivers  which  follow  a  tortuous  course,  navigation  is 
sometimes  greatly  impeded  by  the  abruptness  of  the 
bends,  and  the  difliculty  of  taking  a  ship  through  them, 
and,  where  practicable,  it  is  sometimes  desirable  to 
obviate  this  by  forming  straight  cuts.  This  is  an  opem- 
tion,  however,  that  must  not  be  entered  on  without  care- 
ful study  of  the  tides  and  due  consideration  of  the  effect 
of  the  altered  slope  and  currents  on  the  river's  bottom 
above  and  below  the  site  of  the  cut.  The  levels  should 
also  be  accurately  determined  and  considered,  as  it  may 
happen  that  the  substitution  of  a  straight  cut  for  a  long 
detour  may  involve  a  rate  of  inclination  so  steep  as  to 
induce  cuiTents  injurious  to  the  bed  and  banks  of  the 
river,  and  inconveniently  rapid  for  navigation.  Cuts 
have  been  formed  with  great  advantage  on  some  rivei's, 
and  I  may  particularly  mention  the  Tees  as  a  case  where 
they  have  been  successfully  adopted.  The  Maudale  Cut, 
near  Stockton,  was  made  in  1810,  and  by  a  short  com-se 
of  220  yards  it  cut  off  a  ddtour  of  nearly  2 J  miles,  the 
navigation  of  which  was  exceedingly  intricate.  A  second 
cut  of  1100  yards  in  length  was  made  on  the  Tees,  in 
1830,  to  cut  off  the  Portrack  bend — another  inconvenient 
detour  in  the  river's  course. 

P 
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Dee  Cut.  Oiie  of  the  largest  artificial  water-channels  that  has 
lately  been  executed,  is  that  for  the  diversion  of  the  river 
Dee  at  Aberdeen,  for  the  particulars  of  which  I  am  indebted 
to  Mr.  W.  D.  Cay,  the  late  engineer  to  the  Aberdeen 
Harbour  Trustees.  The  length  of  the  new  channel  is  2000 
yards,  that  of  the  old  course  being  2500  yards.  The  bottom 
is  excavated  to  a  uniform  slope  of  1  in  1300  downwards 
towards  the  sea,  being  parallel  to  the  expected  highest 
flood-line.  The  width  of  the  channel,  which  is  shown  in 
fig.  45,  is  170  feet  at  the  bottom ;  the  bank  on  the  north 


side  has  a  slope  of  3  to  1,  and  is  protected  with  piles, 
clay,  and  stonework ;  on  the  south  side  the  slope  has  an 
inclination  of  10  to  1,  this  flat  slope  being  arranged  for 
the  convenience  of  the  salmon-fishings.  The  tops  of  the 
banks  are  25  feet  above  the  bottom  of  the  channel,  and 
the  width  at  the  level  of  the  top  of  the  banks  is  495  feet. 
The  bottom  of  the  channel  at  the  upper  end  is  2  feet,  and 
at  the  lower  end  6  feet  below  low  water  of  ordinary 
spring-tides;  high  water  of  the  same  tide  rises  12  feet 
9  inches  above  the  low-water  level. 

The  amount  of  excavation  of  the  new  channel  was 
about  1,036,000  cubic  yards;  about  910,000  cubic  yards 
were  taken  out  dry  by  manual  labour,  and  drawn  out  in 
wagons,  the  remainder, — 120,000  cubic  yards, — being 
dredged. 
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5.  Dredging. 

The  introduction  of  even  the  simplest  of  mechanical 
appliances  for  excavating  materials  under  water,  raising 
them  to  the  surface,  and  depositing  and  removing  them 
in  barges,  was  an  important  step  in  canal  and  river 
engineering.  The  first  employment  of  machineiy  to  effect 
this  object  is,  curiously  enough,  like  the  discovery  of  the 
canal  lock,  claimed  alike  for  Holland  and  Italy,  in  both 
of  which  countries  dredging  is  believed  to  have  been 
practised  before  it  was  introduced  into  Britain,  and  the 
motive  power  at  first  employed  was,  it  need  hardly  be 
said,  manual  labour. 

The  Dutch,  at  a  very  early  period,  employed  what  is  Bag  ami  spoon 
termed  the  "bag  and  spoon"  dredge  for  cleaning  their 
canals.  It  was  simply  a  ring  of  iron,  about  2  feet  in 
diameter,  flattened  and  steeled  for  about  one-third  of  its 
circumference,  having  a  bag  of  strong  leather  attached  to 
it  by  leathern  thongs.  The  ring  and  bag  were  fixed  to  a 
long  pole,  which,  on  being  used,  was  lowered  to  the 
bottom  from  the  end  of  a  bai'ge  moored  in  the  canal  or 
river.  A  rope,  made  fast  to  the  iron  ring,  was  then  wound 
up  by  a  windlass  placed  at  the  other  end  of  the  barge, 
and  the  spoon  was  thus  di*agged  along  the  bottom,  and 
was  guided  in  its  progress  by  a  man  who  held  the  pole. 
When  the  spoon  reached  the  end  of  the  barge  where  the 
windlass  was  placed,  the  winding  was  still  continued,  and 
the  suspending  rope  being  nearly  perpendicular,  the  bag 
was  raised  to  the  surface,  bringing  with  it  the  stuff  exca- 
vated while  it  was  being  drawn  along  the  bottom.     The 
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windlass  being  still  wrought,  the  whole  was  raised  to  the 
gunwale  of  the  barge,  and  the  bag  being  emptied,  was 
again  hauled  back  to  the  opposite  end  of  the  barge,  and 
lowered  for  another  supply.  This  system  is  slow,  and 
only  adapted  to  a  limited  depth  of  water  and  a  soft 
bottom.  It  has,  however,  been  generally  employed  in 
canals,  and  much  used  in  the  Thames  and  at  the  Foss  Dyke, 
Owing  to  want  of  space  and  other  peculiarities  I  found 
it  could  be  usefully  employed  when  a  steam-dredge, 
though  built  expressly  to  suit  the  contracted  limits 
within  which  it  had  to  work,  could  not  be  used.  The 
quantity  raised  at  the  Foss  Dyke,  by  manual  labour,  in 
this  way,  was  about  135,000  tons,  and  the  cost  did  not 
exceed  7^d.  per  ton.  Fig.  46  shows  the  manner  in  which 
the  **  bag  and  spoon  "  was  employed. 


Dre<iging  hy  Auother  plan,  practised  at  an  early  period  in  rivers  of 

tween  two       Considerable  breadth,  was  to  moor  two  large  barges,  one 
'^ '  *""  on  either  side ;  between  them  was  slung  an  iron  dredging 

bucket,  which  was  attached  to  both  barges  by  chains 
wound  round  the  barrels  of  crab-winches,  worked  by  six 
men,  in  the  one  barge,  and  a  simple  windlass,  worked  by 
two  men,  in  the  other.     The  bucket,  being  lowered  at  the 
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side  of  the  barge  carrying  the  windlass,  was  drawn  by  the 
crab-winch  on  the  other  barge  across  the  bottom  and  up 
a  sloping  platform,  which  was  lowered  to  the  bed  of  the 
river,  and  was  ultimately  emptied  in  the  barge.  It  was 
again  lowered,  and  hauled  across  by  the  opposite  wind- 
lass for  a  repetition  of  the  process.  This  plan  of  dredg- 
ing was  adopted  in  the  Tay  till  1833,  and  fig.  47  will 


Fig.  47. 

give  a  pretty  good  idea  of  the  manner  in  which  the 
apparatus  was  worked.  The  dredging-spoon  is  shown  on 
a  large  scale  at  the  foot  of  the  cut. 

These  early  efforts,  as  perhaps  they  may  be  called,  at 
dredging,  are,  I  think,  worthy  of  being  recorded,  and 
will  be  interesting  when  compared  with  the  more  perfect 
machines  used  in  the  present  day,  some  of  which  I  shall 
now  notice. 

In  all  large  operations,  these  and  other  primitive  ^***™'^'**^' 
appliances  have  now,  as  is  well  known,  been  almost 
superseded  by  the  steam  dredger,  which  was  first  em- 
ployed, it  is  believed,  in  deepening  the  Wear,  at  Sunder- 
land, about  the  year  1796.  The  Sunderland  machine 
was  made  for   Mr.   Grimshaw   by   Boulton   and  Watt.^ 

*  Encyclopaedia  o/Civ'U  Engineering,  by  IJdward  Cressy,  London,  1847  ;  "  The 
Dredging  Machine,"  Weale's  Quarterly  Papers,  Part  i.,  London,  1843  ;  The  Im- 
provement of  the  Port  of  London,  by  R.  Dodd,  Engineer,  1793. 


lu  be  dredged. 
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Receiving  improvements  from  Mr.  Hughes,  Mr.  Rennie, 
Mr.  Jessop,  and  many  others,  the  steam  dredger,  as  now 
generally  constructed,  is  a  most  powerful  machine  in  skilful 
hands,  excavating  and  raising  materials  from  a  depth  of 
as  much  as  35  feet  of  water,  at  a  cost  even  less  than 
that  at  which  the  same  work  can  be  performed  on  dry 
land. 
Materials  that  t  As  to  the  nature  and  extent  of  work  that  may  be 
accomplished  by  dredging,  I  may  state,  generally,  that 
almost  all  materials,  excepting  solid  rock  or  very  large 
boulders,  may  be  dredged  with  ease.  Loose  gravel  is 
probably  the  most  favourable  material  to  work  in ;  but  a 
powerful  dredger  will  readily  break  up  and  raise  indurated 
beds  of  gravel,  clay,  and  boulders,  and  even  find  its  way 
through  the  surface  of  soft  rock,  though  it  will  not  pene- 
trate very  far  into  it.  The  most  severe  ordeal  that  I 
ever  knew  a  dredger  subjected  to  was  the  removal  of 
Gai-vel  Point,  on  the  Clyde,  by  the  Clyde  Lighthouse 
Trustees,  in  1883.  This  Point  consisted  of  a  very  stiff 
clay,  closely  packed  with  boulders.  The  dredger  **  Clyde," 
which  will  be  subsequently  described,  perfoiTned  its  work 
without  any  actual  breakdown,  although,  of  course,  she 
was  constantly  stopped  for  repairs  of  buckets,  or  get- 
ting new  ones  put  in,  as  they  were  sometimes  torn  right 
off,  and  also  for  lifting  the  larger  boulders  out  of  the 
buckets,  for  although  the  engines  brought  the  bouldera 
up,  it  was  not  safe  to  discharge  the  large  ones  down  the 
shoots  into  the  barges,  as  some  of  them  weighed  more 
than  a  ton.  In  some  cases  it  is  usual  to  alternate  on 
the  "bucket-frame"  a  bucket  of  sheet-iron,   for  raising 
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the  stuff,  with  a  rake  or  pronged  instrument  for  disturb- 
ing the  bottom. 

Hand  dredgers  have  been  used  by  Messrs.  D.  and  T.  Hand  dredgers. 
Stevenson  at  several  places,  by  means  of  which  even  dis- 
integrated or  rotten  rock  has,  at  least  to  a  limited  depth, 
been  raised ;  and  I  believe  that  in  veiy  many  cases  the 
siu'faces  of  submerged  rocks  may,  by  means  of  such 
machines,  be  to  a  small  extent  broken  up  and  removed, 
without  recourse  to  cofferdams,  which  involve  great 
expense,  as  well  as  interruption  to  the  traffic.  These 
small  dredgers  are  worked  by  seven  or  twelve  men,  and 
cost  about  £230  to  £390.  They  can  work  in  a  depth  of 
about  1 6  feet,  and  can  raise  ordinary  deposit  at  a  cost  of 
from  Is.  6d.  to  2s.  per  ton. 

The  construction  of  large  steam  dredgers  is  carried  on 
by  many  engineering  firms,  each  one  natumlly  advocating 
its  own  arrangement  of  parts,  and  consequent  superiority 
of  performance. 

For  details  as  to  the  amount  and  cost  of  work  done  Dredging  ou 
on  a  river  where  much  dredging  is  annually  performed, 
I  perhaps  cannot  do  better  than  refer  to  the  Clyde,  for 
in  no  river  has  dredging  been  more  successfully  em- 
ployed. I  am  indebted  to  the  kindness  of  Mr.  James 
Deas  for  the  following  infonnation  regarding  the  extent 
and  cost  of  the  work  done  by  the  Trustees  of  the  Clyde 
Navigation,  which  will  be  found  both  interesting  and 
valuable. 

In  the  years  1882-83-84,  1,220,752  cubic  yards  were 
dredged  from  the  river,  and  carried  to  Loch  Long  by 
steam  hopper  barges,  and  deposited  there.     Of  this  a 
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considerable  portion  is  deposit  from  the  higher  reaches  of 
the  river  and  its  tributaries,  and  from  the  city  sewers, 
the  rest  being  new  material.  The  total  cost  for  dredging 
and  depositing  was  £48,553,  or  about  9  "54  pence  per 
cubic  yard. 

Owing  to  the  difference  in  power  of  the  dredging 
machines  employed,  and  the  character  of  the  material 
lifted,  the  cost  of  dredging  varies  much.  In  1882-83  it 
varied  from  21  "8  pence  to  3*68  pence  per  cubic  yard  for 
lifting.  The  most  powerful  machine,  working  2324  hours, 
lifted  322,712  cubic  yards  of  silt  and  sand,  at  a  cost  of 
4 '09  pence  per  yard.  The  material  was  deposited  in  Loch 
Long,  27  miles  from  Glasgow,  by  steam  hopper  barges, 
at  0*29  pence  per  yard  per  mile. 

Mr.  Deas  has  kindly  furnished  the  follo'wang  two  tables, 
the  second  of  which  will  show  how  very  much  the  prices 
are  dependent  on  the  special  circumstances  : — 

Dimensions  of  Dredgers  employed  ox  the  Clyde 
IN  1884. 


No. 

1 

6 

7 
8 
9 

Year 

J[)Uilt. 

1851 
1855 
1860 
1865 
1871 

Length. 

Breadtli. 

Dfi)th. 

Greatest 

H.  P.  depth  can 

dredge  in. 

Single  or 
double 
bucket 
ladder. 

Remarks. 

Ft.  in. 
99  9 

121  0 

108  6 

161  0 

161  0 

Ft.  in. 

32  4 

33  6 
23  6 
29  0 
29  0 

Ft.  in. 
10  0 

10  0 

9  0 

10  0 

10  0 

40 
40 
25 
75 
75 

Feet. 
224 

25 

25 

28 

30 

Double 
Double 
Single 

Do. 

Do. 

Punt  Loading  Machine. 
Hopper  Barge  Do. 
Punt                Do. 
Hopper  Barge  Do. 
Da                Do. 

00 

QO 

00 

1—1 

< 


5 


o 
2 


Total  cost  for 
the  year. 

£     «.     d. 
5500  11    5 

Pence. 
4 '090 

4061     2    4 
Pence. 
3-894 

2255  16     1 

Pence. 
21-883 

5061     6    2 

Pence. 
3-797 

4654  17  10 

Pence. 
3-084 

IntereHt  and 
depreciation 
10  per  cent. 

£      H.    d. 
2374  18    0 

Pence. 
1-766 

1366    6    0 
Pence. 
1-312 

665  10    0 

Pence. 
6-456 

1765    6    0 

Pence. 
1-324 

1616    0    0 

Pence. 
1-279 

£8.     d. 
1910    7    6 

Pence. 
1-420 

1458    2    2 
Pence. 
1-398 

592  17    6 

Pence. 
5-751 

2077    4    7 

Pence. 
1-559 

2116    6    5 

Pence. 
1-076 

» 

X 

1 

139  15    9 

Pence. 
0-104 

127  16    3 
Pence. 
0122 

33    4    6 

Pence. 
0-322 

218    1    0 

Pence. 
0163 

139.   6    8 

Fence. 
0-110 

cc 

1 

260  17    1 

Pence. 
0-194 

224  18  10 
Pence. 
0-215 

120  19    5 

Pence. 
1-173 

275  10    8 

Pence.   . 
0-207 

240  13    0 

Pence. 
0-190 

o 

|£ 

1" 

814  13     1 

*  Pence. 
0-606 

883  19     1 
Pence. 
0-847 

843    4    8 

Pence. 
8-181 

725    3  11 

Pence. 
0-544 

542  11     9 

Pence. 
0-429 

Cubic 

lifted  per 

Engine 
Hour. 

CO 

00 

OS 

CO 

141  -53 
144-89 

322,712 

s 

CI 

t 

5 

3" 

319,840 
303,200 

til 

co 

1 

aw                                       HB«                                                        1 

! 

,    1 
;     |1 

^     ll 

ll 

Glasgow  lower  harbour— silt,  sand, 
and  sewage  ;  Queen's  Dock — clay, 
sand,  and  gravel  ;   Cart  mouth — 
sand  ;  Plantation  Quay— sand  and 

silt ;  Kelvin— silt  and  ashes. 
Newshot  Isle— sand  and  clay  ;  East 
of  Bowling  Ilailway  Mharf — sand  ; 
North     Barr— sand  ;    Finlay  stone 

Channel — sand. 
Glasgow  upper  and  lower  harbours 
— silt,  sand,  and  sewage  ;  Dalmuir 
Works  Basin — silt  ;  Erskine  Ferry 
Piers — silt,  sand,  and  clay ;  Elders- 

lie  rock— blasted  rock  and  clay. 

Glasgow  lower  harbour — silt,  sand, 
and  sewage ;  Queen's  Dock — silt  and 
sand;  Erskine  B^erry  Piers— silt, 
sand,  and  clay  ;  between  Dunglass 
Castleand  Milton  Isle — sand,gravel, 
and  clay;  Wliiteinch — clay,  sand, 
gravel,  and  white  mud  ;  Scotstoun 
— sand  and  clay  ;  Fairfield — clay. 

Glasgow  lower  harbour — silt,  sand, 
ana  sewage ;  Dalmuir  Works  Basin 
— silt ;  east  of  railway  wharf,  Bow- 
ling—sand; Bowling  harbour — 
silt;  between  Dunglass  Castle  and 
Milton  Isle — sand,  gravel,  and  clay ; 
in  Kelvin— silt,  and  ashes ;  Craig- 
endoran  Pier — fine  sand  and  boul- 
der clay ;  Denny's  new  dock, 
Dumbarton — clay,  sand,  and  mud. 

Original 
cost  of 
Dredger. 

CO 

CI 

CO 

CO 

CO 

CO 

53 

co 
crt 

£17,653 
£16,160 

Dredging 
Machine. 

d 

5z; 

CO 

d 

No.  8. 
No.  9. 
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The  total  quantity  dredged  from  the  river  during 
the  last  thirty-eight  years  amounts  to  26,000,000  cubic 
yards. 

The  dredging  plant  of  the  Trustees  comprises  5  steam 
dredgers,  1  steam  digger,  18  steam  hopper  barges,  1  tug 
steamer,  2  diving-bells,  and  numerous  row  boats.  The 
expenditure  for,  wages  of  crews,  coal,  and  stores,  amounts 
to  fully  £14,000,  and  for  repairs  £10,775. 

The  value  of  the  dredging  plant  employed  is  about 
£140,000. 

The  increase  that  has  been  made  in  the  size  of  the 
dredging  machines,  to  meet  the  increased  depth  of  water, 
and  gi'owing  necessity  of  increased  accommodation  for 
the  larger  class  of  vessels  which  now  frequent  the  Clyde, 
has  been  very  marked.  The  dredging  fleet  of  the  Clyde 
Lighthouses  Trustees,  consisting  of  1  powerful  dredger 
and  3  hopper  barges,  was  built  by  Messi-s.  Simons  of 
Kenfrew  in  1882,  according  to  the  specifications  of 
Messrs.  D.  and  T.  Stevenson,  and  some  details  extracted 
from  the  specifications,  as  well  as  the  work  she  has  and 
is  performing,  and  its  cost,  may  prove  useful : — 


Screw  Dredger  "  Clyde  " — 
Length,  160  feet. 
Breadth,  moulded,  30  feet 
Depth,  10  feet. 

Engines,  compound  surface  condensing,   350   indicated  horse- 
power. 
Cylinders,  23  and  44  inches  diameter. 
Stroke,  30  inches. 
65  to  70  revolutions  per  minute. 
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Multitubular  boilers,  working  pressure  80  lbs.,  and  a  cold-water 

test  pressure  of  160  lbs. 
One  bucket  ladder. 
Size  of  large  buckets  for  soft  stuff,  3  feet  4  inches   x   3  feet 

X  2  feet  =20  cubic  feet,  and  of  the  small  buckets,  for  hard 

stuff,  7  cubic  feet  capacity. 
When  working  in  sand  she  can  lift  over  500  tons  per  hour ;  can 

dredge  with  the  centre  of  the  lower  tumbler  from  6^  to  35  feet 

under  water — the   ladder  when  dredging  at  the   maximum 

depth  being  at  an  angle  of  45° 
Working  draught,  9  feet  6  inches. 
Wages,  per  day  of  10  hours — Master,  8s.;  mate,  4s.  8d.;  engineer, 

7s.  6d. ;  firemen,  4s.  6d. ;  assistant  engineer,  5s.  lOd. ;  cook, 

3s.  8d. ;  bow  crabman,  4s. ;  stern  do.,  4s. ;  deck  hands,  three 

at  3s.  8d.,  one  at  3s.  1  Od. ;  watchman,  3s.  4d. 
Coals,  per  day  of  10  hours,  58  cwts. 
Tallow,        „  „  Ub. 

Oil,  „  „  14  gills. 

Waste,         „  „  1  lb. 


Screw  Steam  Ho2yper  Barge — 
Length,  153^  feet. 
Breadth,  moulded,  26  feet. 
Depth,  13  feet. 

Engines,  inverted  cylinder  compound,  250  horse-power. 
Cylinders,  19  inches  and  36  inches,  and  a  24-inch  stroke. 
Draught,  light  (average),  5  feet  6  inches. 

„        loaded,  10  feet  6  inches. 
Speed,  9  knots  per  hour,  loaded. 
Cargo,  11,000  cubic  feet,  or  500  tons. 
Wages,  per  day — Master,  7s. ;  mate,  4s.  6d. ;  engineer,  5s.  lOd. ; 

firemen,  4s. ;  deck  hands,  three  at  3s.  8d. 
Coals,  per  day  of  10  hours,  36  cwts. 
Tallow,        „  „  5  lbs. 

Oil,  „  „  4  gills. 

Waste,         „  „  ilb. 
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Bate  of 
dredging. 


Quantity  and  cost  of  dredging  done  by  Dredger  "  Clyde "  during 
year  1883-84:— 

Wages, £919  13  3 

Coals, 336  13  10 

Stores, 193     1  6 

Eepairs, 810  11  1 

Wages  while  under  repair,       .         .         .         .  151     1  10 


Interest  and  depreciation — 

Cost  of  dredger,  £19,250,  at  10  per  cent.. 


£2411  1  6 

1925  0  0 
£4336  1  6 


The  engine  hours  she  was  working  amounted  to  1925,  and 
the  material  lifted  to  408,895  cubic  yards,  which  gives  an 
average   lift   of    21 2*4   cubic   yards   per   hour   at   a  cost  of 

£4336     1     6 

—  .Qg  gQ^ 2  5 4  pence  per  cubic  yard  lifted. 

The  cost  of  conveying  this  material  by  three  steam  barges  to  Loch 
Long,  and  depositing  it,  will  be  seen  from  the  following : — 

Wages, £877     0  11 

Coals, 430  16  7 

Stores, 148     0  0 

Repairs, 240     7  6 

Wages  while  under  repair,       .        .        .        .        262  18  7 


£1959     3     7 


Interest  and  depreciation — 

Cost  of  three  hopper  barges,  £22,571,  at  10 
per  cent., 

£4216 

=2 '4 7  pence  per  cubic  yard. 


2257     0     0 


3     7 


£4216     3     7 


408,895  cubic  yards 
It  will  be  seen  from  the  above  that  the  **  Clyde's  "  rate 
of  dredging  for  a  year  was  318  tons  per  engine  hour,  but 
it  must  be  borne  in  mind  that  this  is  neither  her  maximum 
nor  her  minimum  work.  When  she  is  being  carefully 
manipulated  in  soft  stuff,  she  will  raise  500  tons  in  51 
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minutes,  and  has  once  accomplished  this  in  45  minutes, 
but  her  rate  of  working  again  at  Grarvel  Point  fell  as  low 
as  57  tons  an  hour,  but  this,  as  explained  on  page  230, 
was  in  very  exceptional  stuff,  and  the  cost  of  raising  and 
depositing  it  in  Loch  Long  amounted  to  only  18*03  pence 
per  cubic  yard,  this  low  price  for  the  "  hard  "  being  due 
to  the  fact  that  it  was  unnecessary  to  prepare  the  ground 
by  divers,  which  was  found  absolutely  indispensable  with 
less  powei'ful  dredgei"s  before  they  were  able  to  attempt 
to  dredge  it. 

At  Lough  Foyle,  where  very  extensive  dredging  Foyie  dmiging. 
operations  have  been  conducted  under  Messrs.  D.  and  T. 
Stevenson's  direction,  the  fleet  consists  of  a  powerful 
dredging  machine  with  steam  hopper  barges.  Two  barges 
are  found  sufficient  to  keep  the  dredger  at  work  when 
the  stuff  is  deposited  9  miles  distant. 

The  dredger  is  160  feet  6  inches  in  length,  27  feet 
4  inches  in  breadth,  and  1 1  feet  in  depth ;  her  engines  are 
48  horse-power  nominal.  The  bucket  ladder  is  90  feet 
long,  and  the  size  of  buckets  2  feet  5  inches  x  2  feet 
9  inches  x  1  foot  7  inches.  She  can  dredge  in  35  feet 
of  water,  and  can  lift  200  cubic  yards  per  hour.  The 
wages  amounted  to  £2,  18s.  2d.  per  day. 

The  barges  are  154  feet  6  inches  in  length,  26  feet  in 
breadth,  and  12  feet  10  inches  in  depth;  the  engines 
64  horse-power  nominal ;  their  speed  is  9  miles  per  hour, 
and  carry  500  tons  each.  The  average  distance  run  loaded 
is  10  miles.  The  wages  of  the  crew  amount  to  £1,  Is.  8d. 
per  day.  In  1884,  the  wages,  coals,  and  stores  amounted 
to  £1576,  2s.  6d.,  and,  with  repairs,  to  £2497,  3s.  lOd., 
and  with   interest   and   depreciation    (10  per  cent.),  to 
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Ck)8tof 
depositing. 


Dredging  on 
the  Wear. 


£3299,  3s.  lOd.  The  time  the  dredger  worked  was  1522^ 
hours,  and  she  lifted  353,240  cubic  yards  of  sand  and  silt. 
She  thus  raised  the  stuff  for  2*18  pence  per  cubic  yard, 
and  deposited  it  at  10  miles'  distance  for  2 '52  pence  per 
cubic  yard ;  her  price  for  raising  the  stuff  was  thus  con- 
siderably less  than  that  for  the  "  Clyde  "  dredger,  but  the 
cases  are  very  different. 

Mr.  Murray  has  given  me  the  following  tabular  view 
of  the  dredging  of  the  Wear  at  Sunderland,  which  is  also 
an  interesting  record  of  the  quantity  and  cost  of  material 
raised  by  a  dredging  machine ;  but  this  view  is  not  given 
by  way  of  comparison  with  the  preceding,  as  there  is  no 
analogy  between  the  cases.  The  contracted  state  of  the 
Clyde,  the  frequent  interruptions  to  which  the  work  is 
subject  by  the  constant  passage  of  vessels,  the  expense  of 
removing  and  depositing  the  stuff,  and  the  higher  rate 
of  wages,  must  necessarily  have  increased  the  cost  of 
executing  the  work  in  that  situation. 

Tabular  View  of  the  Dkedging  of  the  Wear  at  Sunderland 

IN  1842-46. 


!     Total 
Date.  :  quanlity 
raisctl  i>er 
aiinuui. 

Expenditure 
in  labour  for    Expense 
raising  and      of  Fuel 
depositing   per  annum, 
per  annum,  j 

Expenditure 
in  Liabour 
for  Reimii-s 
per  annum. 

Expenditure 
in  Materials 
for  Rci>airs 
Iter  annum. 

ToUl 
ExiMjnditure 
Iier  annum. 

Average 
cost  per    1 
ton  ou  the 
year's  ex- 
penditure. 

1            1     Tons. 

1842  128,245 

1843  141,325 

1844  90,980 
1846  j  101,075 
1846 '  140,350 

£.      $.    d. 
922    1   2 

879  16  0 

567  13  4 

721    9  0 

724   5  4 

*.  d. 
Ill  0  0 

70  0  0 

66  5  9 

66  7  6 

58  2  5 

£    «.    d. 
754  16   0 

503  13  4 

259    2   1 

336    8  0 

500  17  2 

704  17  11 
786  13  11 
563    9  10 
527    7  10 
520    3    2 

A       ».    d. 
2492   15   1 

2240     3   3 

1456   11   0 

1651   12  4 

1803     8   1 

Penc*. 
4-665 

3-804 

3-842 

3-921 

3-083 

1842 

to 
1846 

Henc 
Fo 
Fo 
Fo 
Fo 

0  the  average  cost  per  ton  on  five  years'  work— 

r  raising  and  depositing  at  sea,   . 

r  fuel,         ...... 

r  laljour  in  repairs,            .... 

r  materials  to  ditto,          .... 

Average  total  Expenditure, 

=  1-528 
=0149 
=0-943 
=  1-243 

=  3-863" 
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Mr.  Fowler  has  found,  at  the  Tees,  that  dredging  in 
boulder  clay  and  sand,  and  depositing  at  sea,  cost  from 
2 "3  to  3*17  pence  per  ton,  but  this  is  exclusive  of  interest 
on  firet  cost  of  dredgers  and  barges.^ 

One  of  the  most  extensive  dredging  works  in  opera-  Baltimore 
tion  is  the  dredging  of  the  harbour  and  approaches  to 
Baltimore,  imder  the  direction  of  Colonel  W.  P.  Cmighill, 
who  kindly  gave  the  revisers  of  this  book  facihties  for 
inspecting  the  works  in  progress  when  there  recently. 
Mr.  Hutton,  the  engineer  to  the  Baltimore  Harbour 
Board,  under  whose  immediate  direction  the  works  are 
being  carried  out,  gives  the  following  infonnation  in  last 
year's  report  as  to  the  dredging  in  the  Bay  and  River  by 
the  United  States  Government : — 

"  There  has  been  engaged  on  these  channels  during 
the  year  just  past  the  most  powerful  dredging  fleet  that 
has  ever  been  collected  or  operated  at  any  time  or  in  any 
country. 

"  The  monthly  excavations  exceeded  500,000  cubic 
yards,  and  in  six  months  thirteen  miles  of  channel  were 
increased  in  depth  from  24  feet  to  27  feet  for  an  average 
width  of  250  feet.  In  addition  to  this,  four  miles  of 
channel,  27  feet  deep,  and  not  less  than  180  feet  wide, 
have  been  excavated  through  the  '  swash '  channel,  when 
the  excavation  was  from  10  to  13  feet  in  depth,  much  of 
it  through  compact  sand  and  clay.  This  channel,  known 
as  the  '  cut  off,'  saves  one  mile  in  distance  over  the 
former  lines  of  ship  channels. 

"  There  is  now  a  ship  channel,  nowhere  less  than  180 

*  Proceedings  of  InstUulion  of  Civil  Engimers,  vol.  Ixxv.  p,  243. 
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feet  wide,  and  27  feet  deep,  at  mean  low  water,  from  the 
Capes  to  Locust  Point.  The  channels  excavated  by  the 
Government  embrace  a  length  of  about  17  miles,  and 
their  increase  to  27  feet  depth  (from  24  feet),  includ- 
ing comparatively  small  amounts  removed  to  maintain 
old  channels  while  new  ones  were  in  progress,  involved 
the  excavation  and  removal  of  about  4,500,000  cubic 
yards,  of  which  over  3,000,000  were  excavated  in  the 
past  year. 

"  The  inner  works,  which  are  carried  out  by  the 
Harbour  Board,  are  also  very  extensive.  Last  year  the 
total  area  dredged  over  was  about  231,000  square  yards, 
and  the  total  excavation  253,267  cubic  yards,  and  the 
average  depth  of  cutting  3  feet  3j  inches.  The  whole 
amount  paid  contractors  for  excavation  in  1883  was 
847,525*84,  or  at  the  average  rate  of  18^  cents  per  cubic 
yard." 
steam  hopper  This  is  perhaps  the  best  place  to  mention  some  im- 

dredgers.  i  i  i 

provements  that  have  been  suggested  on  the  present,  or 
I  may,  I  suppose,  term  it  the  old  style  of  dredge,  and  the 
first  that  I  shall  mention  is  that  of  Messrs.  Simons  and 
Company,  London  Works,  Renfrew,  who  have  had  very 
large  experience  in  the  construction  of  dredging  apparatus. 
They  have  patented  and  constructed  what  they  have 
called  a  hopper  dredge,  combining  in  itself  the  advantages 
of  a  dredge  for  raising  the  material,  and  a  screw  hopper 
vessel  for  conveying  it  to  the  place  of  discharge,  both  of 
which  services  are  perfonned  by  the  same  engines  and  the 
same  crew.  In  contracted  rivers  and  exposed  bars  and 
channels,  the  convenience  of  dispensing  with  hopper-punts 
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lying  alongside  a  lai*ge  dredge,  and  thus  occupying  the 
whole  width  of  the  channel  in  one  case,  and  chafing  in 
the  other,  is  on  some  occasions  desii'able,  and  the  arrange- 
ment also  secures  the  advantage  of  delivering  the  stuff  at 
the  level  of  a  few  feet  above  the  deck,  thus  avoiding  the 
long  bucket-ladder  and  high  level  of  discharge  required 
for  deUvering  into  punts  or  barges  moored  alongside  the 
dredge.  But  the  chief  advantage  which  the  patentees 
claim  is  a  considerable  saving  of  expense,  not  only  in 
dredging,  but  in  depositing  the  stuff  at  a  distant  point, 
such  as  Loch  Long  in  the  Clyde,  but  this  saving  cannot 
be  satisfactorily  established,  though  there  is  much  to 
commend  the  use  of  such  craft  in  a  crowded  navigation, 
especially  when  there  is  a  period  of  each  day  when  dredg- 
ing is  stopped,  and  during  which  time  the  hopper  dredger 
may  go  and  discharge  without  losing  any  working  houi*s. 

Another  of  the  recently  suggested  improvements  is  Centrifugal 
that  by  Mr.  C.  Randolph,  who,  in  1870,  proposed  that 
instead  of  the  ordinary  dredging-buckets,  pipes  should  be 
lowered  until  they  came  into  contact  with  the  sand  or 
mud  at  the  bottom.  The  tops  of  these  pipes  were  to  be 
in  communication  with  powerful  centrifugal  pumps,  so 
that  the  velocity  of  the  inflowing  water  through  the  pipes 
could  be  made  so  gi'eat  as  to  carry  with  it  a  large  per- 
centage of  the  sand  or  mud  from  the  bottom,  and  when 
the  solid  matter,  and  the  water  in  which  it  is  suspended, 
were  raised  to  the  desired  height,  they  would  flow  freely 
to  any  required  place  for  deposit  of  the  suspended  material. 
Mr.  Thomas  Stevenson,  in  his  book  on  Harbours,^  states 

'   The  Design  and  Construction  of  Harbours,  by  T.  Steveuson,  Civil  Engineer. 

Q 
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that  Mr.  Duncan,  the  late  engineer  of  the  Clyde  Navi- 
gation, had  given  him  an  extract  from  a  report  by  M.  Le 
Ferme,  dated  30th  September  1859,  on  the  result  of  a 
silt  pump  of  20  horse-power,  sunk  18  inches  into  the 
mud,  proposed  by  M.  Gache  at  St.  Nazarie,  which  did 
its  work  effectively. 

Sand  pumps,  as  already  noticed,  were  also  extensively 
used  in  dredging  the  channel  in  the  harbour  at  the  Am- 
sterdam Canal.  They  consisted  of  centrifugal  pumps 
4  inches  in  diameter  with  suction  and  deliveiy  pipes  each 
18  inches  diameter  attached  to  a  wrought-iron  frame  on 
board  the  barge.  The  machines  worked  most  effectively 
when  the  pipe  was  held  3  or  4  feet  below  the  surface,  and 
raised  about  1300  tons  p^r  day,  the  engines  working  at 
60  and  the  pumps  at  180  revolutions  per  minute.  The 
engines  were  70  horse-power,  and  the  dredger  required 
seven  hands. 

These  sand  pumps  will  not  raise  fine  silt,  and  are  not 
so  well  suited  as  bucket  dredgers  for  finishing  the  bottom 
of  slopes. 
DmiRing  at  Another  arrangement  is  that  of  raising  the  material 

Amsterdnin  and  ,        ■,        ■>  .-i  ■•.  ii  p  .. 

Suez  Canals,  by  buckets  in  the  ordinary  way,  and  thereatter  receiving 
it  in  a  vessel,  and  floating  it  off*  by  pipes  to  the  place  of 
deposit.  This  of  course  can  only  be  done  where  the  place 
of  deposit  is  close  to  the  spot  whence  the  material  is 
dredged.  Two  plans  have  been  adopted  for  effecting 
this.  One  of  these  was  used  on  the  Amsterdam  Canal, 
where  the  stuff"  was  discharged  from  the  buckets  into  a 
vertical  cylinder,  and  there  mingled  with  water  by  a 
revolving  Woodford-pump,  and  sent  off*  under  pressure 
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to  the  place  of  deposit  in  a  semi-fluid  state.  This  was 
done  by  pipes,  1 5  inches  diameter,  made  of  timber,  hooped 
with  iron  like  barrels.  These  wooden  cylinders  were  made 
in  lengths  of  about  15  feet,  connected  with  leather  joints, 
and  floated  on  the  surface  of  the  water,  conveying  the 
stuff"  to  the  requisite  distance,  like  the  hose  of  a  fire- 
engine,  under  a  head  of  pressure,  I  believe,  of  4  or  5  feet, 
and  depositing  it  over  the  banks  of  the  canal.  The  length 
of  pipe  employed  was  no  less  than  300  yards.  A  some- 
what similar  process  was  used  on  the  Suez  Canal,  not, 
however,  by  using  pumps,  but  simply  by  running  the 
stuff"  to  the  banks  on  steeply  inclined  shoots,  which  were 
suppUed  with  water,  when  the  material  raised  did  not 
contain  sufficient  water  to  cause  it  to  run  freely.  Slopes 
of  from  1  in  10  to  1  in  20  were  found  to  answer,  depend- 
ing on  the  nature  of  the  material  dredged. 

It  is  obvious,  however,  that  these  arrangements  can 
only  be  applied  in  situations  where  the  material  to  be 
excavated  is  not  of  a  hard  nature,  and  where  the  place  of 
deposit  is  close  at  hand.  I  can  conceive,  for  example,  in 
keeping  clear  the  Suez  Canal,  that  such  appliances  may 
be  very  usefril,  as  the  soft  deposit  of  the  canal  has  only 
to  be  raised  and  projected  over  the  banks  on  either  side, 
also  as  at  the  cutting  of  the  Amsterdam  Canal  through 
the  lakes,  where  there  was  not  water  enough  to  float  the 
barges. 

A  new  form  of  dredging  machine,  which  has  only 
recently  come  into  general  use  in  this  country,  is  what  is 
known  as  a  "  Priestman,"  being  made  chiefly  by  a  firm  of 
that  name.     It  consists  of  one  bucket,  which  is  let  fall 
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on  the  bottom  with  its  mouth  open ;  on  heaving  upj  the 
bucket  is  closed  and  the  stuff  retained  in  it  and  brought 
to  the  surface.  This  machine  has  long  been  in  use  in 
America,  under  the  name  of  the  "Clam  Shell"  dredge, 
and  Colonel  W.  P.  Craighill  kindly  gave  the  revisers  of 
this  book  facilities  for  seeing  a  large  one  in  operation  on 
the  Baltimore  Channel,  now  in  the  course  of  completion. 
The  method  of  working  was  very  simple,  and  the  follow- 
ing notes,  by  Mr.  N.  H.  Hut  ton,  regarding  those  machines 
and  their  work,  may  be  interesting  : — 

"A  2 J  yard  bucket  is  about  the  smallest  used  on 
*'  Clam  Shell"  dredges  in  this  section.  Three  to  5  cubic 
yards  is  a  quite  common  capacity,  and  the  Atlantic  Dredg- 
ing Company  of  Brooklyn,  New  York,  had  in  use  here,  for 
two  seasons,  a  machine  using  a  6-cubic-yard  bucket. 

"  These  machines  have  generally  direct  acting  hori- 
zontal engines,  with  cylinders  from  16  inches  by  18  inches, 
to  18  inches  by  20  inches,  and  rate  at  from  120  to  160 
horse-power. 

"  Their  daily  work  depends,  of  course,  practically, 
somewhat  on  the  length  of  towage  for  excavated  material. 

"  Their  actual  direct  working  capacity,  in  soft  bottom, 
is  from  300  to  500  cubic  yards  per  hour,  which  includes 
the  time  lost  in  shifting  scows. 

"Contracts  are  made  here,  with' an  average  haul  or 
tow  of  7  miles,  at  from  12^  to  15  cents  per  cubic  yard, 
and  this  year  (which  is  one  of  depression  in  this  business) 
contracts  have  been  made  by  the  city  of  Baltimore  for 
35,000  cubic  yards  (including  30,000  cubic  yards  of  very 
stiff  clay)  at  1 1  cents  per  cubic  yaixl,  one-seventh  of  the 
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work  being  in  slips  and  docks,  requiring  frequent  removals 
of  machine  from  one  part  of  the  harbour  to  the  other. 

"  Scows  range  from  250  cubic  yards  to  500  cubic  yards 
capacity  (bottom  dumping),  though  the  scows  used  with 
the  Atlantic  Company's  dredge,  referred  to  above,  con- 
tained over  1300  cubic  yards  each.  All  are  built  of  wood, 
and  are  towed  by  steam  tugs." 

Having  thus  briefly  noticed  the  machines  chiefly 
employed,  I  shall  not  dwell  further  on  the  subject — as  the 
suitability  of  each  form  for  the  particular  locality  and 
nature  of  the  work  must  be  judged  by  each  case — but 
conclude  with  a  few  practical  observations  on  dredging  as 
more  immediately  applicable  to  the  rivers  of  this  country. 

In  river  dredging  two  systems  are  pursued.  One  plan  Longitudinal 
consists  in  excavating  a  series  of  longitudinal  furrows  dmiging. 
parallel  to  the  axis  of  the  stream,  the  other  in  dredging 
cross  furrows  from  side  to  side  of  the  river.  It  is  foimd 
that  inequalities  are  left  between  the  longitudinal  furrows, 
when  that  system  is  practised,  which  do  not  occur  to  the 
same  extent  in  side  or  cross  dredging,  and  I  have  invari- 
ably found  cross  dredging  to  leave  the  most  uniform 
bottom.  To  explain  the  difference  between  the  two 
systems  of  dredging,  it  may  be  stated  that  in  either  case 
the  di'edge  is  moored  from  the  head  and  stern  by  chains 
about  250  fathoms  in  length.  These  chains,  in  improved 
dredges,  are  wound  round  windlasses  worked  by  the 
engine,  so  that  the  vessel  can  be  moved  ahead  or  astern 
by  simply  thiowang  them  into  or  out  of  gear.  In  longi- 
tudinal dredging  the  vessel  is  worked  forward  by  the 
head  chain  while  the  buckets  are  at  the  same  time  per- 
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forming  the  excavation ;  so  that  a  longitudinal  trench  is 
made  in  the  bottom  of  the  river.  When  the  dredge  has 
proceeded  a  certain  length,  it  is  stopped  and  permitted 
to  drop  down  and  commence  a  new  longitudinal  furrow, 
parallel  to  the  first  one.  In  cross  dredging,  on  the  other 
hand,  the  vessel  is  supplied  with  four  moorings,  two  up 
stream  and  well  separated,  and  two  down  stream,  and 
these  chains  are  each  wound  round  barrels  wrought 
separately  by  the  engine.  In  commencing  to  work  by 
cross  dredging,  we  may  suppose  the  vessel  to  be  at  one 
side  of  the  channel  to  be  excavated.  The  bucket-frame 
is  set  in  motion,  but  instead  of  the  dredge  being  drawn 
forward  by  the  head  chain,  she  is  drawn  to  the  opposite 
side  of  the  river  by  the  side  chains,  and  having  reached 
the  extent  of  her  work  in  that  direction,  she  is  then 
drawn  a  few  feet  ahead,  and,  the  bucket-frame  being  con- 
tinuously in  motion,  the  vessel  is  hauled  back  again  by 
the  opposite  chains  to  the  side  whence  she  started.  By 
means  of  this  transverse  motion  of  the  dredge  a  series  of 
cross  furrows  is  made ;  she  takes  out  the  whole  excava- 
tion from  side  to  side  as  she  goes  on,  and  leaves  no 
protuberances  such  as  are  found  to  exist  between  the 
furrows  of  longitudinal  dredging,  even  where  it  is  exe- 
cuted with  great  care. 
Drcigingin  In    somc   cases  dredging    hiis   to    be    conducted    in 

Hitimtions.  exposed  situatious,  such  as  the  deepening  of  the  "flats" 
at  Londonderry  and  the  bar  at  Carlingford.  The  process 
of  dredging  at  the  Foyle  could  not  be  conducted  when 
the  waves  exceeded  2  J  feet ;  and  Mr.  Barton  at  Dundalk 
80  far  confirms  this,  as  he  estimates  a  swell  of  2  feet  as 
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the  highest  to  work  in.  Mr.  Barton  states  that  the  bar 
at  Carlingford,  which  is  very  exposed,  consists  of  hard 
blue  clay,  with  a  coating  of  large  boiilders.  The  dredger 
employed  there  was  built  by  Messrs.  Simons  and  Co.  of 
Renfrew,  and  her  dimensions  are  given  on  page  237.  Her 
bucket-ladder  is  90  feet  long,  with  42  buckets,  and  she 
dredges  in  35  feet  water.  She  has  an  engine  of  64 
horse-power,  and  her  work  varies  from  100  to  4000 
tons  per  day,  but  her  average  work  is  1000  tons  per 
day.     All  the  larger  stones  were  removed  by  divers. 

6.  Excavation. 
In  some  cases,  however,  the  bottom  is  found  to  be  Breaking  up  the 

,  bottom  some- 

too  hard  to  be  dredged  until  it  has  been  to  some  extent  times  necessary 
loosened  and  broken  up.  Thus  at  Newry,  Mr.  Rennie,  dJedging. 
after  blasting  the  bottom,  in  a  depth  of  from  6  to  8  feet 
at  low  water,  removed  the  material  by  dredging,  at  an 
expense  of  from  4s.  to  5s.  per  cubic  yard.  The  same 
process  was  adopted  by  Messrs.  Stevenson  at  the  bar  of 
the  Erne  at  BaUyshannon,  where,  in  a  situation  exposed 
to  a  heavy  sea,  large  quantities  of  boulder  stones  were 
blasted,  and  afterwards  raised  by  a  dredger  worked  by 
hand  at  a  cost  of  about  10s.  6d.  per  cubic  yard.  But  the 
earliest  extensive  application  of  blasting  preparatoiy  to 
dredging,  was  that  on  the  works  for  improving  the 
Severn,  by  Sir  WiUiam  Cubitt,  of  which  an  interesting 
account  is  given  by  Mr.  George  Edwards,  in  a  paper 
addressed  to  the  Institution  of  Civil  Engineers,  from 
which  the  following  particulars  are  taken  '} — 

*  ••  Account  of  Blasting  on  the  Severn,"  by  George  Edwards,  C.E.  (Minutes  of 
Proceedings  of  Institution  of  Civil  Eivjineers,  voL  iv.  p.  361). 
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Blasting  at  "It  appears  that  a  succession  of  marl  beds,  varying 

from  100  yards  to  half  a  mile  in  length,  were  found  in  the 
channel  of  the  Severn,  which  proved  too  hard  for  being 
dredged,  the  whole  quantity  that  could  be  raised  being 
only  50  or  60  tons  per  day  ;  while  the  machinery  of  the 
dredges  employed  was  constantly  giving  way.  Attempts 
were  first  made  to  drive  iron  rods  into  the  marl  bed,  and 
to  break  it  up ;  a  second  attempt  was  made  to  loosen  it 
by  dragging  across  its  surface  an  instrument  like  a  strong 
plough.  But  these  plans  proving  unsuccessful,  it  was 
determined  to  blast  the  whole  surface  to  be  operated  on. 
The  marl  was  very  dense,  its  weight  being  146  lbs.  per 
cubic  foot  ;^  and  it  was  determined  to  drill  perpendicular 
bores,  6  feet  apart,  to  the  depth  of  2  feet  below  the  level 
of  the  bottom  to  be  dredged  out.  The  bores  were  made 
in  the  following  manner,  from  floating  rafts  moored  in  the 
river  : — Pipes  of  /^-iiich  wrought-iron,  3^  inches  diameter, 
were  driven  a  few  inches  into  the  marl.  Through  these 
pipes,  holes  were  bored,  first  with  a  Ij-inch  jumper,  and 
then  with  an  auger.  The  holes  were  bored  2  feet  below 
the  proposed  bottom  of  the  dredging,  as  it  was  expected 
that  each  shot  would  dislocate  or  break  in  pieces  a  mass 
of  marl  of  a  conical  form,  of  which  the  bore-hole  would  be 
the  centre  and  its  bottom  the  apex ;  so  that  the  adjoining 
shots  would  leave  between  them  a  pyramidal  piece  of 
marl  where  the  powder  would  have  produced  little  or  no 
effect.  By  carrying  the  shot-holes  lower  than  the  in- 
tended dredging,  the  apex  only  of  this  pyramid  was  left 
to  be  removed  ;  and  in  practice  this  was  found  to  form 

'  Clay  weighs  about  109  \h.,  and  sandstone  about  156  lb.,  per  cubic  foot. 
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but  a  small  impediment.  Fig.  48  is  a  section  of  the  bore- 
holes ;  and  fig.  49  a  plan,  in  which  the  inner  dotted 
circles  represent  the  diameters  of  the  broken  spaces  at 
the  level  of  the  bottom  of  dredging.    The  cartridges  were 
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Fig.  4S. 


formed  in  the  ordinary  way,  with  canvas,  and  fired  with 
Bickford's  fuse.  The  weight  of  powder  used  for  bore- 
holes of  4  feet,  4  feet  6  inches,  and  5  feet,  was  respec- 
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tively  2  lbs.,  3  lbs.,  and  4  lbs.  Each  shot,  which  cost 
about  78.  for  powder,  labour,  etc.,  loosened  and  prepared 
for  dredging  about  4  cubic  yards ;  so  that  the  cost  for 
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blasting  was  Is.  9d.  per  yard.  The  cost  of  dredging  the 
material,  after  it  had  been  thus  prepared,  was  2s.  3d. ; 
making  the  whole  charge  for  removing  the  marl  4s.  per 
cubic  yard." 

It  is  necessary  sometimes  to  have  recourse  to  other 

appliances  for  the  removal  of  the  bottom,  such  as  the 

Excavation    diving-bcll  or  diving-dress,  and  cofferdams.     The  diving- 

b^ii.  bell  has,  in  conjunction  with  dredging,  been  much  used 

on  the  Clyde,  and  Mr.  Bald  gives  the  following  account 

of  the  operation  as  conducted  on  that  river  : — 

"Between  Erskine  Ferry  and  the  New  Shot  Isle 
the  bed  of  the  Clyde,  for  a  distance  of  2000  yards,  was 
greatly  encumbered  with  boulders,  which  were  highly 
injurious  to  vessels  if  they  grounded  there ;  and  fre- 
quently large  ships,  in  being  tugged  through  this  part 
of  the  river-channel,  had  their  copper  bottoms  injured 
when  they  touched  the  rocky  channel-bed.  In  deepening 
and  clearing  this  part  of  the  river,  two  diving-bells  were 
employed,  and  one,  and  sometimes  two,  steam  dredgers. 
The  clearing  and  deepening  of  this  channel  was  exceed- 
ingly severe  on  the  machinery  and  working  gear  of  the 
steam  dredgers ;  the  speed  of  the  engines  was  therefore 
governed  by  the  nature  of  the  material  in  the  bottom, 
and  although  the  iron-work  frequently  gave  way,  yet 
spare  links  and  buckets  being  always  ready  to  replace 
those  which  broke,  there  was  little  interruption  to  the 
continuous  working  of  the  dredgers.  When  the  dredgers 
had  cleared  away  the  material  which  covered  the  boulders 
in  the  bottom  of  the  channel,  the  diving-bell  boats  were 
worked  over  the  ground  so  cleared,   removing  all   the 
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larger  boulders ;  and  when  that  part  of  the  channel  had 
been  cleared  of  them,  the  dredgers  went  again  over  the 
same  bottom,  removing  all  the  lighter  material  from  the 
heads  of  the  lower  boulders,  preparatory  to  the  bells  com- 
mencing again  ;  and  these  operations  were  continued  until 
the  necessary  depth  was  attained. 

**  The  buckets  of  the  steam  dredgers,  in  working  along 
the  bottom,  always  shpped  over  the  head  of  the  large 
boulders,  which  the  diving-bells  alone  could  lift  and  re- 
move. Some  of  these  masses  of  trap  or  whinstone  were 
4  and  5  tons  in  weight,  and  from  their  rounded  forms 
and  smooth  surfaces,  it  was  evident  that  they  had  been 
brought  from  some  distance.  Some  of  them  were  of 
sandstone,  but  they  were  more  angular  than  the  trap 
boulders.  Quantities  of  these  boulders,  Hfted  from  the 
bed  of  the  channel,  might  be  seen  lying  along  the  sides 
of  the  river ;  and  many  of  them  had  since  been  split  and 
broken  up  by  gunpowder  for  repairing  the  river  dikes." 

The  removal  of  La  Rose  Rock  in  Brest  Harbour  was 
performed  on  the  suggestion  of  Mr.  H.  Hersent  by  means 
of  a  large  bell  32  feet  9  inches  by  26  feet  3  inches  ;  the 
entire  work  of  boring  the  holes,  charging  and  exploding 
them,  and  extracting  the  rock,  was  done  in  this  vast 
caisson.  This  large  bell  could  accommodate  twenty- 
eight  workmen,  who  could  remove  13  cubic  yards  of  stuff 
daily.  ^ 

Large  isolated  masses  of  stone  have  also  been  removed  By  Flotation. 
en  masse  by  fixing  louises  in  them,  and  raising  them  by 
flotation.       On  the  Tay  many  boulders  were   mised  in 

*  Minutes  of  Proc.  Ingt.  of  Civil  Engineers,  vol.  Ixi. 
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this  manner,  one  of  which  weighed  upwards  of  50  tons. 
At  Skelmorlie  Bank,  situated  in  the  Firth  of  Clyde,  and 
in  the  fairway,  the  Clyde  Lighthouse  Trustees  have  also 
lifted  and  floated  away  large  boulders.  Numerous  pieces 
of  copper,  torn  off  the  ships'  bottoms,  were  found  to  be 
lying  round  the  higher  boulders. 
By  Cofferdams.  Where  a  large  area  and  considerable  depth  of  solid  rock 
has  to  be  removed,  it  will  generally  be  found  most  advan- 
tageous to  employ  cofferdams  ;  but  the  chief  objections  to 
the  use  of  dams  in  the  nan-ow  channels  of  rivers,  are  the 
inconvenience  they  cause  to  shipping  by  increasing  the 
currents,  so  as  to  render  navigation  past  them  difficult  or 
dangerous,  and  the  obstruction  they  offer  to  the  discharge 
of  water  when  the  river  is  in  high  flood.  An  illustration  of 
this  occurred  at  the  Ribble,  near  Preston,  where  a  solid 
band  of  red  sandstone,  upwards  of  300  yards  in  length, 
crossed  the  river  and  restricted  the  navigation,  even  at 
highest  springs,  to  "  lighters  "  or  "  flats  "  of  small  draught. 
In  order  to  gain  the  requisite  depth,  it  was  foimd  that  an 
excavation  of  the  maximum  depth  of  1 3  feet  6  inches  must 
be  made  through  this  solid  bed  of  rock.  It  was  originally 
intended  to  form  a  temporary  channel,  and  to  divert  the 
river  while  the  excavation  was  being  made,  but  the  rock 
was  found  to  extend  beyond  the  river's  bank,  and  even 
to  rise  in  level  on  the  adjoining  gi'ound,  and  there  seemed 
to  be  no  other  course  open  but  to  erect  a  cofferdam  in 
the  navigable  channel.  In  doing  this,  however,  there 
were  two  difficulties  to  contend  with  ;  for  not  only  had 
the  dam  to  be  fixed  on  a  rocky  bottom,  but  the  narrow- 
ness of  the  river,  and  the  necessity  of  preserving  a  channel 
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for  flood- water,  and  occasional  passage  of  a  "  lighter,"  left 
only  a  very  narrow  space  for  a  foundation  on  which  to 
construct  it.  To  overcome  this  double  object,  I  designed 
a  cofferdam,  which  was  found  to  answer  the  requirements 
of  the  case/  It  consisted,  as  shown  in  fig.  50,  of  two 
rows  of  iron  rods,  3  feet  apart,  jumped  into  the  rocky 
bottom,  and  supporting  two  linings  of  planking,  the 
intermediate  space  being  filled  with  clay,  and  the  whole 
structure  being  stayed  from  the  inside,  so  as  to  present 
no  obstruction  beyond  the  outer  Une  of  the  dam.  Three 
dams  of  this  construction  were  formed  in  the  Ribble  ;  and 
by  means  of  them  a  bed  of  rock,  300  yards  in  length,  and 
of  a  maximum  depth  of  1 3  feet  6  inches,  was  successfully 
excavated.  The  maximum  depth  of  water  at  high-water 
against  the  dam  was  16  feet,  but  in  very  high  river  floods 
the  whole  dam  was  sometimes  completely  submerged  ; 
but  on  the  water  subsiding,  it  was  found  that  the  iron 
rods,  on  which  alone  its  stability  depended,  although 
only  jumped  15  inches  into  the  rock,  were  not  drawn 
from  their  fixtures.  On  one  occasion,  on  visiting  the 
works,  I  found  the  river  in  high  flood,  the  dams  sub- 
merged, not  even  the  tops  of  the  iron  rods  being  visible, 
and  a  very  strong  current  sweeping  over  them ;  but  on 
the  water  subsiding  they  were  found  to  have  sustained 
no  damage.  This  constniction  of  dam  completely  over- 
comes the  difficulty  of  fixtures  in  a  hard  bottom,  where 
piles  cannot  be  driven,  and  offers  very  little  obstniction 
to  the  navigation.     I  have  used  dams  of  the  same  con- 

1  "  Description  of  a  Cofferdam  adapted  to  a  Hard  Bottom,"  by  David  Steveii- 
100,  C.E.  {Tratu.  of  Iiut.  qf  Civil  Enyhwerit,  vol.  iii.  p.  Hll). 
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stniction  in  other  works,  and  have  no  doubt  they  will  be 
found  generally  applicable  to  situations  where  there  is  a 
hard  bottom  and  limited  space. 

The    most    extensive   blasting    operations  ever   per-  By  tunnelling, 

•         -r»  T\*  XT  and  til  en 

formed  have  been  at  Hell  Gate  m  East  River,  New  blasting. 
York,  causing  the  destruction  of  reefs  of  rocks  by  tunnel- 
ling and  simultaneous  explosion  by  electricity.  The  area 
operated  on  at  Hallet's  Point  was  3  acres.  This  space 
was  perforated  with  41  radial  tunnels  and  with  11  tmns- 
verse  galleries,  leaving  piers  10  feet  square  to  support 
the  roof  The  aggregate  length  of  tunnels  and  galleries 
was  7426  feet,  and  the  time  occupied  in  completing  this 
was  four  years  and  four  months.  In  the  roof  and  piers 
there  were  then  drilled  over  6741  holes,  chiefly  of  a 
3-inch  bore,  and  to  an  average  depth  of  9  feet.  Powder 
was  used  at  first,  but  this  was  soon  superseded  by 
nitro-glycerine  compounds,  which  were  solely  used  in 
the  final  demolition.  49,914  lbs.  of  these  explosives 
were  used  in  the  single  operation,  the  number  of  holes 
charged  being  about  4427.  "  The  detonating  electric 
fuses  charged  with  mercury  fulminate  were  contained 
in  priming  charges  weighing  f  lb.  each,  enclosed  in 
brass  tubes ;  these  were  inserted  over  the  charges, 
which  were  enclosed  in  tin  cases  hermetically  closed 
to  exclude  access  of  water.  The  charges  were  con- 
nected in  contiguous  series  in  groups  of  twenty,  and 
these  again  were  arranged  in  divided  circuit  in  eight 
groups,  every  group  being  connected  with  a  distinct 
carbon  zinc  battery  of  40  or  44  cells.  Each  battery  was 
thus  arranged  to  explode  160  charges.     The  simultaneous 
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explosion  of  the  complete  system  was  accomplished  by  a 
simple  circuit-closer  devised  by  Mr.  Julius  Striedinger."* 

"  All  was  completed  by  the  23d  of  September  1876. 
Water  was  admitted  to  the  excavations,  which  were  filled 
to  the  level  of  the  tide  in  seven  and  a  half  hours,  and 
the  simultaneous  explosion  of  the  charges  was  effected 
on  the  following  day." 

The  success  of  this  led  to  the  blowing  up  of  another 
rock  about  9  acres  in  extent,  called  the  Flood  Rock,  in 
October  1885,  situated,  like  the  Hallet  Eock,  in  the  chan- 
nel leading  from  New  York  to  the  sea  by  the  Long  Island 
Sound.  This  work,  recommended  by  General  Newton, 
as  was  also  the  removal  of  Hallet's  Point,  was  very 
similar  to  it  in  nature — a  central  shaft  with  galleries, 
amounting  to  4  miles  in  length,  running  in  all  directions, 
and  leaving  pillars  15  feet  square,  the  roof  being  from  10 
feet  to  24  feet  in  thickness.  13,286  holes  were  drilled  in 
the  pillars  and  roof,  averaging  9  feet  in  depth,  the  holes 
being  5  feet  apart  in  the  pillars  and  4  feet  in  the  roof. 
The  explosive  was  "  rackarock,"^  a  mixture  of  chlorate 
of  potash  and  nitrobenzole,  of  which  240,000  lbs.  were 
used,  enclosed  in  very  thin  copper  tubes  about  24  inches 
in  length  and  2^  inches  in  diameter.'' 

7.  Scouring. 

The  removal  of  hard  portions  of  the  bed  of  a  river  by 
dredging  or  coflferdams,  and  the  direction  of  the  channel 
by  low  walls,  are   operations  which  are  in   themselves 

I  Sir  Frederick  Abel  on  "  Explosives." 

*  See  yaturf,  vol.  xxxii.  p.  625.  '  Enffiaeering,  voL  xl.  p.  413. 
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improvements ;  but  they  further  operate  beneficially  in 
causing  the  currents  to  scour  the  softer  parts  of  the 
river's  bed.  Thus,  I  have  found,  that  by  dredging,  a  few 
hundred  cubic  yards  of  hard  material,  or  erecting  a  short 
wall,  thousands  of  tons  of  soft  material  are  scoured  away 
by  the  action  of  the  current  alone.  In  all  river  improve- 
ments this  is  an  effect  which  should  be  fully  taken  into 
consideration  by  the  engineer,  especially  in  forming  esti- 
mates ;  and  its  importance  will  be  apparent  on  inspecting 
the  section  of  the  river  Lune  (Plate  VIII.).  By  dredging 
the  upper  shoals  of  that  river,  which  are  marked  in 
hatched  lines  in  the  section,  the  whole  lower  part  of  the 
river  was  deepened  by  the  natural  scour,  without  entail- 
ing any  expense  in  its  removal.  At  the  river  Nith  also, 
the  deepening  was  entirely  done  by  directing  the  currents 
by  a  low-water  training  wall,  so  that  the  scour  acted 
always  on  the  same  line  of  channel.  To  facilitate  scour, 
a  species  of  harrow  has  sometimes  been  applied,  which  is 
drawn  to  and  fro  by  a  tug-steamer  across  the  bank  to  be 
removed.  This  system  was  extensively  employed  by 
Captain  Denham  in  opening  the  Victoria  Channel  at  the 
Mersey;  it  was  also  employed  successfully  by  Messrs. 
Stevenson  at  the  Tay ;  and  more  recently,  to  maintain 
the  navigation  of  the  Volga  during  low  water ;  but  it  is 
obvious  that  it  can  only  be  advantageously  used  where 
there  is  deep  water  in  the  immediate  neighbourhood  of 
the  bank  to  be  removed,  in  which  the  sand  and  mud 
disturbed  by  the  harrow,  and  carried  off  by  the  current, 
may  be  deposited.  I  have  found  that  the  process  of 
natural  scouring  has,   in  some  situations,   continued  in 
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operation  for  many  years  after  the  completion  of  the 
original  work,  the  low-water  level  of  the  river  continuing 
gradually  to  sink  ;  and,  as  this  process  goes  on,  it  some- 
times happens  that  hard  portions  of  the  bottom,  originally 
covered,  become  gradually  exposed.  Such  obstructions 
are,  in  fact,  hard  portions  of  the  bed  brought  to  light, 
in  consequence  of  the  improvement  of  the  river,  and  must 
not  be  mistaken  for  accumulations  due  to  ill-regulated 
currents.  It  is  necessary,  however,  that  such  hard 
portions  should  be  removed  as  soon  as  they  appear, 
otherwise  they  disturb  the  currents,  and  occasion  shoals. 
Whenever  the  depth,  due  to  the  currents  acting  in  their 
improved  direction  has  been  reached,  such  obstructions 
will  cease  to  present  themselves. 

8.  Reducing  the  Inclination  of  the  Bed. 

The  existence  of  a  moderate  amount  of  fall  or  slope  on 
the  low- water  line  of  a  river  may  always  be  regarded  by 
the  engineer  as  affording  good  encouragement  for  its 
improvement.  The  slopes  of  rivers  vary  from  a  few 
inches  to  several  feet  per  mile,  as  will  be  seen  from  the 
tabular  list  appended  to  this  book,  of  the  physical 
characteristics  of  rivers,  in  which  the  inclinations  of 
several  rivers  are  given.  Dubuat  considers  1  in  500,000 
to  be  the  smallest  possible  rate  of  inclination  that  can  be 
given  to  a  canal  to  produce  sensible  motion.  In  dealing 
with  rivers  I  should  say,  from  my  own  experience,  that 
the  engineer  may  calculate  on  reducing  the  slopes  of  tidal 
Fall  on  rivers*  navigations  to  about  3  or  4  inches  per  mile,  which  is  equal 
to  TTTTTT,  and  that  they  should  not,  if  possible,  exceed  10 
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inches  jper  mile,  which  is  equal  to  a  gradient  of  rgW.* 
The  lowering  of  the  low-water  line,  and  consequent  flat- 
tening of  the  slope  or  inclination,  acts  beneficially  both 
on  the  tidal  propagation  and  the  scour.  As  regards 
tidal  phenomena,  it  will  be  found  that  in  all  rivers  whose 
beds  and  low-water  lines  have  been  lowered,  the  rate  of 
tidal  propagation  has  been  increased,  and  the  duration 
of  the  tide  in  the  river  has  been  prolonged,  to  the 
benefit  of  navigation,  as  will  be  explained  hereafter,  when 
we  treat  of  rivers  that  have  been  improved.  It  will  also 
be  found  that  the  scouring  power  has  in  some  cases 
been  enormously  increased,  and  made  to  act  in  the 
most  beneficial  way  for  the  channel,  a  result  which  in 
river  engineering  can  hardly  be  over-estimated.  In 
order  to  illustrate  this  it  is  only  necessary  to  point  out 
that  the  mere  cubic  contents  dredged  from  a  ford  or 
shoal  form  no  measure  of  the  gain  of  tidal  water  due  to 
the  operation,  as  explained  under  "  Scouring,"  because 
the  removal  of  such  an  obstruction  has  the  effect  of 
lowering  the  low-water  line  for  a  certain  distance  on 
either  side  of  it,  and  the  extent  of  the  lowering  wiU 
obviously  depend  on  the  original  amount  of  slope  ;  if  very 
steep  the  extent  will  be  small,  if  gentle  it  will  be  greater. 
But  in  either  case,  whether  small  or  great,  the  whole  of  the 
wedge-shaped  volumes  included  between  the  old  and  new 
water  surfaces,  both  above  and  at  the  obstacle  that  has  been 
removed,  give  a  clear  gain  of  tide  water,  and  the  cubic 
contents  of  these  spaces  greatly  exceed  the  cubic  quantity 
of  material  removed  from  the  ford  or  shoal  by  dredging. 

*  The  slopes  of  "  the  rapids  "  immediately  above  the  Falls  of  Niagara  are  said 
to  be  1  in  52-8. 
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Additional 
water  ailmitted 
into  Tay  by 
works. 


Velocities  of 
tide-currents. 


Proceeding  on  actual  calculations  of  comparative 
sections  of  the  river  Tay,  before  and  after  the  execution 
of  the  works,  I  foimd  that  by  excavating  about  500,000 
cubic  yards  of  gravel  the  low-water  line  was  lowered  so 
much  as  to  admit  an  additional  quantity  of  tidal  water, 
amounting  on  an  average  to  not  less  than  one  million 
cubic  yards  to  be  propelled  into  and  again  withdrawn 
from  that  part  of  the  river  which  lies  above  Newburgh, 
during  every  tide.  This  quantity  is  equal  to  nearly  two 
hours'  discharge  of  the  Tay  in  its  ordinary  state,  and  it 
therefore  follows  that  one  way,  at  least,  of  representing 
the  amount  of  increase  during  a  year  is  to  compare  it  to 
two  months'  constant  ordinary  flow  of  the  river. 

The  velocity  of  the  stream  at  low  water  depends 
on  the  slope,  and  in  our  navigable  rivers  it  rarely 
exceeds  3  or  4  miles  per  hour,  and  of  course  is  con- 
siderably higher  when  the  river  is  in  flood.  The  tide- 
currents,  however,  attain  a  higher  velocity  than  the 
ordinary  flow  of  the  river.  But  I  have  found  in  almost 
every  case  I  have  had  to  investigate  that  the  rate  of  the 
tide-current  was  greatly  exaggerated.  A  current  of  6  or 
7  knots  an  hour  in  the  fairway  is  really  hardly  navigable. 
Even  in  the  Dee,  where  the  rise  of  tide  is  great  and  the 
currents  are  very  rapid,  I  do  not  think  they  much  exceed 
5  miles  an  hour,  and  in  the  Tay  above  Newburgh,  and 
rivers  of  that  class,  where  the  rise  of  tide  is  not  so  great, 
I  do  not  think  the  current  exceeds  4  mUes.  At  the 
Severn,  again,  where  there  is  a  rise  of  40  feet  of  tide,  the 
current  is  said  by  Captain  Beechey  to  reach  9  miles  per 
hour ;  at  the  Mersey,  with  a  very  high  tide,  it  was  found 
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by  Captain  Denham  to  run  7  miles;  and  Captain  Otter,  in 
his  survey  of  the  Pentland  Firth,  gives  the  velocity  off  the 
Pentland  Skerries  at  10*6  nautical  miles  per  hour,  which 
I  believe  to  be  the  highest  tide- current  ever  observed. 

The  foUowing  may  be  taken  as  the  surface  velocities 
of  the  currents  in  different  rivers  : — 


Velocities  of  the  Currents  in  different  Rivers. 


Name. 

Per  Hour. 

Aotbority. 

Mississippi,      .... 
Clyde,    between    Glasgow   and ) 
junction  of  Cart,  during  ebb,  J 
Do.,  flood,        .... 

MUes.        yds. 
5                  0 

0       1576 
0         771 

C.  EUet. 

W.  Bald. 

Do. 

Do.,  from  junction  of  Cart  to  \ 
Dumbarton,  ebb,  .         .         .  j 

1       1069 

Do. 

Do.,  flood,        .... 

0       1561 

Do. 

Do.,  during  high  floods  below  ) 
Glasgow  harbour,  ebb,  .         .  / 

2       1613 

Do. 

Do,,   at   narrow  places    during ) 
floods,          .          .         .         . ) 

3       1U8 

Do. 

Wear,  spring-tide,  ebb, 
Do.,  neap-tides,        „ 
Do.,  flood-tides. 

Miles. 

ih  to  H 

1       to    If 
1      to  2 

J.  Murray,  C.E. 
Do. 
Do. 

Tay  at  Buddonness,  spring-tides. 

Knots. 

2to  2J 

North  Sea  Pilot. 

Do.  at  Perth,  .... 

Miles. 
309 

Messrs.  Stevenson. 

Willowgate  at  Perth, 
Dornoch      Firth,     Meikleferry, ) 
flood, j 

1-55 
2-63 

Do. 
Do. 

Do.             do.              ebb, 

2-55 

Do. 

Tay  (site  of  old   Tay  Bridge),  ) 
max.  ^  ebb,          .         .         .  J 
Tay  at  Mugdrum,  flood  and  ebb, 
Thames, ..... 

3174 

2  to  2J 
2  to  2| 

Do. 

Do. 
G.  Rennie. 

Mersey  at  narrows  of  Seacombe,  ) 
neap, j 

Tyne  at  former  position  of  bar,  ) 
springs,        .         .         .         .  j 

Do.         do.         do.,         neap,  . 

7 

1-93 
102 

Captain  Denham. 

P.  J.  Messent. 
Do. 
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Beneficial  effect        The  beneficial  effect  of  the  works  I  have  described 

of  works.  -  •inn 

may  be  suramarised  as  loilows  : — 

Firsts  To  depress  the  level  of  the  low- water  line. 

Second,  To  increase  the  range  of  tide. 

Third,  To  accelerate  the  propagation  of  the  tide 
through  the  channel  of  the  river. 

Fourth,  To  prolong  the  duration  of  the  tide  in  the 
river. 

Fifth,  To  equalize  the  velocity  of  the  tidal  currents, 
removing  rapids  and  bores. 

Sixth,  To  add  to  the  beneficial  scouring  power  of  the 
river. 

Seventh,  To  increase  the  navigable  depth  ;  and 

Eighth,  To  form  a  permanent,  and,  therefore,  known 
track  for  vessels,  thereby  facilitating  pilotage. 


CHAPTER  IX. 

APPLICATION   OF   THESE   WORKS   IN   PRACTICE. 

On  the  River  Tay :  description  of  works  executed  ;  alterations  produced  on  the 
slopes,  and  rates  of  propagation  and  duration  of  tidal  influence — The  River 
Forth  :  description  of  works  ;  their  efiFect  on  the  propagation  of  the  tide — 
Laws  of  tidal  propagation  in  rivers  generally — The  River  Ribble :  works 
executed  and  their  effects — The  River  Lune :  works  executed  and  their 
effects — The  River  Clyde :  its  former  and  present  condition — The  River 
Tees :  works  executed  and  their  effects. 

I  PROPOSE  now,  by  reference  to  examples  in  actual 
practice,  to  show  the  beneficial  effect  produced  by  the 
works  specified  in  the  last  chapter,  in  some  navigations 
where  they  have  been  adopted,  and  the  first  example  to 
which  I  shall  allude  is  the  river  Tay. 

River  Tay. 

The  original  design  for  its  improvement  was  made  by 
Messrs.  Robert  and  Alan  Stevenson,  and  the  works  were 
commenced  in  1833,  and  afterwards  carried  out  partly 
under  my  direction ;  and  I  know  of  no  instance  where 
the  improvements,  effected  by  particular  works,  are  more 
fully  and  satisfactorily  demonstrated,  by  a  comparison  of 
observations  made  previously  and  subsequently  to  their 
execution.  A  notice  of  them  will,  I  think,  be  interesting 
to  engineers,  not  so  much  as  a  record  of  what  was  done 
on  the  Tay,  but  as  affording  an  illustration  of  the  relation 
that  exists  between  the  forms  of  a  river's  bed  and  its 
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tidal  phenomena,  for  it  will  be  clearly  seen  in  the  case  of 
the  Tay,  that  in  altering  its  bed  and  the  inclination  of  its 
surface,  many  marked  changes  were  effected  on  its  tidal 
phenomena,  while  in  those  parts  of  the  river  where  no 
works  were  executed  the  tidal  phenomena  were  not 
altered.  I  propose,  therefore,  to  enter  into  some  detail 
as  to  the  obstructions  met  with  on  the  Tay,  the  means 
employed  for  their  removal,  and  the  effects  produced  on 
the  tidal  currents,  as  illustrating  the  subject  of  river 
improvements  generally. 

The  river  Tay,  with  its  numerous  tributaries,  receives 
the  drainage  water  of  a  district  of  Scotland  amounting  to 
2283  square  miles,  as  measured  on  Arrowsmith's  map. 
Its  mean  discharge  at  Newburgh  has  been  ascertained  to 
be  274,000  cubic  feet  per  minute,  or -7645  tons  of  water 
per  minute.  Its  summer  water  discharge  has  been  ascer- 
tained by  Messrs.  D.  and  T.  Stevenson  in  1885  to  be  about 
117,000  cubic  feet  per  minute.  It  is  navigable  as  far  as 
Perth,  which  is  22  miles  from  Dundee,  and  32  from  the 
German  Ocean.  The  different  points  on  the  river  here- 
after to  be  referred  to  will  be  seen  in  the  chart  given  in 
Plate  XIV. 

Before  the  commencement  of  the  works,  certain  ridges, 
called  **  fords,"  stretched  across  the  bed  of  the  river  at 
different  points  between  Perth  and  Newburgh,  and  ob- 
structed the  passage  to  such  a  degree  that  vessels  draw- 
ing from  10  to  11  feet  could  not,  during  the  highest  tides, 
make  their  way  up  to  Perth  without  great  difficulty. 
The  depth  of  water  on  these  fords,  the  most  objectionable 
of  which  were  six  in  number,  varied  from  1  foot  9  inches 
to  2  feet  6  inches  at  low,  and  11  feet  9  inches  to  14  feet 
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at  high  water  of  spring-tides ;  so  that  the  regulating 
navigable  depth,  under  the  most  favourable  circum- 
stances, could  not  be  reckoned  at  more  than  1 1  feet.  In 
addition  to  the  shallo^vness  of  the  water,  many  detached 
boulders  lay  scattered  over  the  bottom.  Numerous  "  fish- 
ing cairns,"  or  collections  of  stones  and  gravel,  had  also 
been  laid  down,  without  regard  to  any  object  but  the 
special  one  in  which  the  salmon-fishers  were  interested, 
and  in  many  cases  they  formed  very  prominent  and 
dangerous  obstructions  to  vessels.  The  chief  disadvan- 
tage experienced  by  vessels  in  the  unimproved  state  of 
the  river  was  the  risk  of  their  being  detained  by  ground- 
ing, or  being  otherwise  obstructed  at  these  defective 
places,  so  as  to  lose  the  tide  at  Perth, — a  misfortune 
which,  at  times  when  the  tides  were  falling  from  springs 
to  neaps,  often  led  to  the  necessity  either  of  lightening 
the  vessel,  or  of  detaining  her  till  the  succeeding  springs 
afforded  sufficient  depth  for  passing  the  fords.  The  great 
object  aimed  at,  therefore,  was  to  remove  every  cause 
of  detention,  and  facilitate  the  propagation  of  the  tidal 
wave  in  the  upper  part  of  the  river,  so  that  inward- 
bound  vessels  might  take  the  first  of  the  flood  to  enable 
them  to  reach  Perth  in  one  tide.  Nor  was  it,  indeed, 
less  important  to  remove  every  obstacle  that  might 
prevent  outward-bound  vessels  from  reaching  Newburgh, 
and  the  more  open  and  deep  parts  of  the  navigation, 
before  low- water  of  the  tide  with  which  they  left  Perth. 

The  works  undertaken  by  the  Harbour  Commissioners 
of  Perth  for  the  purpose  of  remedying  the  evils  alluded 
to,  and  which  extended  over  six  working  seasons,  may  be 
briefly  described  as  follows  : — 
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1st,  The  fords,  and  many  intermediate  shallows,  were 
deepened  by  steam  dredging ;  and  the  system  of  har- 
rowing was  employed  in  some  of  the  softer  banks  in  the 
lower  part  of  the  river.  The  large  detached  boulders 
and  **  fishing  cairns,"  which  obstructed  the  passage  of 
vessels,  were  also  removed. 

2d,  Three  subsidiary  channels,  or  offshoots  from  the 
main  stream,  at  Sleepless,  Darry,  and  Balhepbum  islands, 
the  positions  of  which  will  be  seen  on  the  plan,  were  shut 
up  by  embankments  formed  of  the  produce  of  the  dredg- 
ing, so  as  to  confine  the  whole  of  the  water  to  the  navi- 
gable channel,  and  t^^^  ,^«,nks  of  the  navigable  channel 
were  widened  to  receive  the  additional  quantity  of  water 
which  they  had  to  discharge. 

Sd,  In  some  places  the  banks  on  either  side  of  the 
river  beyond  low-water  mark,  where  much  contracted, 
were  excavated,  in  order  to  equalize  the  currents,  by 
allowing  suflBcient  space  for  the  free  passage  of  the  water ; 
and  this  was  more  especially  done  on  the  shores  opposite 
Sleepless  and  Darry  islands,  where  the  shutting  up  of  the 
secondary  channels  rendered  it  more  necessary. 

The  benefit  to  the  navigation  in  consequence  of  the 
completion  of  these  works  has  been  of  a  twofold  kind ;  for 
not  only  has  the  depth  of  water  been  materially  increased 
by  actual  deepening  of  the  water-way,  and  the  removal  of 
numerous  obstructions  from  the  bed  of  the  river,  but  a 
clearer  and  a  freer  passage  has  been  made  for  the  flow  of 
the  tide,  which  now  begins  to  rise  at  Perth  much  sooner 
than  before  ;  and  as  the  time  of  high  water  is  unaltered, 
the  advantages  of  increased  depth  due  to  the  presence  of 
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the  tide  is  proportionally  increased  throughout  the  whole 
range  of  the  navigation ;  or,  in  other  words,  the  duration 
of  tidal  influence  has  been  prolonged. 

The  depths  at  the  shallowest  places  were  made  5  feet 
at  low  and  15  feet  at  high  water,  of  ordinary  spring-tides, 
instead,  as  formerly,  of  1  foot  9  inches  at  low  and  1 1  feet 
at  high  water,  and  steamers  of  small  draught  of  water 
could  therefore  ply  at  low  water,  and  vessels  drawing 
14  feet  could  come  up  to  Perth  in  one  tide  with  ease  and 
safety. 

Such  was  the  state  of  matters  in  1845,  when,  during 
what  has  been  caUed  the  railway  ..jxnia  of  that  period, 
two  companies  proposed  to  cross  the  Tay  by  bridges 
between  Newburgh  and  Perth.  These  schemes  were 
naturally  regarded  by  the  navigation  authorities  as  a 
great  aggression  on  the  rights  of  the  public  as  proprietors 
of  the  highway  of  the  river.  In  preparing  a  report  in 
support  of  the  views  of  the  conservators  of  the  river, 
it  occurred  to  me  that  it  was  hardly  sufficient  to  aver 
that  so  much  gravel  had  been  dredged,  and  so  many 
fords  had  been  removed,  but  that,  if  not  essential,  it 
would  at  least  be  interesting  to  know  what  effect  the 
works  had  produced  on  the  tidal  action  of  the  river. 
I  accordingly  made  an  elaborate  analysis  of  the  tidal 
observations,  extending  over  ten  years,  which  not  only 
showed  substantial  improvements  in  the  state  of  the 
river,  but  gave  highly  valuable  information,  which  may 
be  held  to  be  of  general  appHcation.  I  am  not  aware 
that,  previous  to  the  publication  of  the  Tay  observations, 
in  the  report  to  the  Admimlty,  on  the  railway  bridge 
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to  which  I  have  alluded,  there  had  been  any  statement 
demonstrating  the  alterations  on  tidal  flow  produced 
by  removing  obstacles  to  its  propagation ;  I  accordingly 
submitted  the  result  to  the  Royal  Society  of  Edinburgh  ;^ 
and  as  the  subject  is  generally  interesting  in  connection 
with  river  engineering,  I  make  no  apology  for  giving  the 
details  in  this  treatise. 

The  tidal  observations  to  which  I  have  referred  were 
made  at  various  times  during  a  period  of  ten  years,  from 
1833  to  1844  inclusive,  throughout  the  river  and  firth 
of  Tay,  at  the  following  stations,  viz.,  Dundee,  which  is 
marked  No.  1  on  the  plan,  Plate  XIV. ;  Balmerino,  No.  2  ; 
Flisk  Point,  No.  3 ;  Balmbreich  Castle,  No.  4 ;  New- 
burgh,  No.  5  ;  Carpow,  No.  6 ;  Kinfauns,  No.  7 ;  and 
Perth  tide  harbour.  No.  8.  The  general  results  deduced 
from  these  observations  are  given  in  the  following  tables, 
and  show,  by  the  favourable  change  which  has  been 
effected  in  the  tidal  phenomena  of  the  estuary,  that  the 
works  executed  fully  answered  the  intended  end. 
Propagation  of  "^^^  foUowiug  table  of  elapscd  times  between  arrival 
K  a  ave.  ^£  ^j^^  tide-wave,  or  commencement  of  the  tidal  flow,  at 
the  following  stations,  during  5pn'n^- tides  in  1833  and 
1834,  shows  the  rate  of  its  propagation  : — 

Time.         DiBtancein    ^^^^^^^t. 
H.    M.  mues.  j>erliour. 

Dundee  to  Balmerino,          .         .  0  16  500  18-75 

Balmerino  to  Flisk  Point,    .         .  0  29  293  606 

Flisk  Point  to  Balmbreich,  .         .  0  26  2  04  4-69 

Balmbreich  to  Newburgh,    .         .  0  53  3-42  3-86 

Newburgh  to  Perth  (tide  harbour),  2  30  8-56  3-42 

1  Proceedings  of  the  Royal  Society  of  Edinburgh  for  1845. 
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The  result  of  observations  made  in  1842,  1843,  and 
1844,  on  spring  tides,  give  the  same  velocity,  as  above 
stated,  between  Dundee  and  Newburgh,  where  no  works 
had  been  done,  and  the  following  rates  between  New- 
burgh and  Perth,  below  which  place  works  had  been 
executed : — 


Time.         Distance  in 
„     „  Miles. 


Rate  of  Tide- 
Wave  in  Miles 
per  Hour. 


Newburgh  to  Carpow,  .         .  0  25         1'33  3-17 

Carpow  to  Kinfauns,  .         .         .  0  55  4*92  5*36 

Kinfauns  to  Perth  (tide  harbour),    0  20         232  6-93 


Giving  as  a  mean  for  the  whole 

distance    from     Newburgh    to 

Perth  in  1844,         .  .  1   40         8-56  5-13 

Time  from  Newburgh  to  Perth  in 

1833, 2  30         8-56  342 

Thus  showing  an  increase  in  the  velocity  of  the  tide- wave 
in  the  upper  part  of  the  river,  which  was  improved,  of 
more  than  If  mile  per  houi\ 

The  difference  of  the  time  in  ?ieap-tides  between  New- 
burgh and  Perth,  in  1844,  was  1  h.  53  m. 

The  levels  of  the  surface  of  high  water  at  different  High-water 

stations  throughout   the   river   have  been  found  to  be 

unchanged,  and  the  following  results  refer  to  the  years 

1833  and  1844:— 

From  Flisk  Point  to  Balmbreich  there  is  a  fall  of    5  in.,| 

„     Balmbreich  to  Newburgh  there  is  a  rise  of     7  J  „  1  gpnng.tides. 
„     Newburgh  to  Perth  (tide  harbour)  there  is  J 

a  rise  of        .         .         .         .         .         •  18     „  / 

From  Flisk  to  Balmbreich  there  is  a  fall  of  .         .  2|  „  , 
„     Balmbreich  to  Newburgh  there  is  a  rise  of     6     „  | 


neap-tides. 
a  rise  of        .         .         .         .         •         -12 


Newburgh  to  Perth  (tide  harbour)  there  is  / 
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Low-water 
level. 


Rise  on  the  Surface  of  Low-water  (Sp'ing-Tides)  in  1833. 

T>,.x._„   RateofSlot*   Bate  of  Tide 
Vt.  In.     ,„  STiI«       per  M'le  in       in  Miles 
"""**  Inches.         per  Hour. 

Flisk  to  Balmbreich  there  was 
a  rise  of  .         .         .         .04 

Balmbreich  to  Newburgh,  a 
rise  of      .         .         .         .28 

Newburgh  to  Perth  (tide  har- 
bour), a  rise  of  .         .40 

Else  on  the  Low-icater  of  Spring- Tides  in  1844. 
Newburgh  to  Carpow,  there  is 

a  rise  of  .  .  .  .05  1-33  375 
Carpow  to  Perth,  there  is  a 

rise  of      .         .         .         .17       7-23         2'63 


2-04 

1-95 

4-69 

3-42 

9-35 

3-86 

8-56 

5-06 

3-42 

3-17 


Hence  from  Newburgh  to  Perth, 
1844,  the  rise  is   .         .         2  0 


8-56 


2-80 


513 


Duration  of 
Flood  and  Ebb. 


The  result  of  the  observations  of  1844  thus  gives  a 
depression  on  the  level  of  the  low- water  mark  of  2  feet  at 
Perth  tide  harbour,  the  level  of  low  water  at  Newburgh 
being  unaltered. 

The  results  of  observations  in  1833  and  1844  at  New- 
burgh, where  no  works  were  executed,  showed  that  the 
durations  of  flood  and  ebb  tides  at  that  place  are  un- 
changed. The  times  are  as  follows,  being  almost  iden- 
tical in  both  years  : — 

Spring-tides  flow,  ...... 

»         t,      ebb, 

Neap-tides  flow,  ...... 

n         »    ebb, 

At  Perth,  in  1833  :— 

Spring-tides  flowed,  ..... 

„         „     ebbed,  ..... 

Neap-tides  flowed,  ..... 

„        „    ebbed,  ..... 


H. 

M. 

4 

20 

7 

20 

4 

30 

6 

45 

2 

20 

7 

0 

3 

15 

7 

0 
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At  Perth,  in  1844:— 

Spring-tides  flowed,          .         .         .         .         .  3  10 

„         „      ebbed,           .....  7  0 

Neap-tides  flowed,            .         .         .         .         .  3  10 

„         „  ebbed,             7  0 

Increase  in  duration  of  flood  in  springs  at  Perth,  0  50 

It  will  be  observed  from  these  tables  that  important 
changes  have  taken  place  in  the  part  of  the  river  that 
has  been  improved  : — 

First,  The  fall  on  the  low-water  surface  of  the  river 
from  the  tide  basin  at  Perth  to  Newburgh  in  the  year 
1833  was  4  feet,  but  after  the  works  were  executed  it 
was  only  2  feet. 

Second,  In  1833  the  passage  of  the  tidal  wave  from 
Newburgh  to  Perth  (8*56  miles)  occupied  2  hours  30 
minutes,  being  at  the  rate  of  3*42  miles  per  hour;  but  it 
is  now  propagated  between  the  same  places  in  1  hour  40 
minutes,  being  at  the  rate  of  5"13  miles  per  hour, — giving 
a  decrease  in  the  time  of  50  minutes,  and  an  increase  in 
the  speed  of  the  first  wave  of  flood  of  more  than  If  mile 
per  hour,  since  the  commencement  of  the  works. 

Third,  The  spring-tides  in  1833  at  Perth  flowed  2 
hours  20  minutes,  and  ebbed  7  hours ;  but  now  the  tide 
flows  3  hours  10  minutes,  and  ebbs  7  hours, — being  an 
increase  in  the  duration  of  flood  of  50  minutes. 

Fourth,  It  will  further  be  noticed  that  on  the  part 
of  the  river  between  Dundee  and  Newburgh,  where  no 
works  had  been  executed,  the  tidal  phenomena  remain 
unaltered. 
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River  Forth. 

The  works  on  the  Forth,  executed  under  the  direction 
of  Messrs.  D.  and  T.  Stevenson,  produced  changes  on  the 
tidal  phenomena,  which,  in  connection  with  those  de- 
scribed on  the  Tay,  are  interesting  and  instructive  as 
regards  the  propagation  of  the  tide,  and  therefore  I  shall 
briefly  allude  to  them.  The  river  between  Stirling  and 
Alloa  is  very  circuitous,  the  distance  by  the  navigation 
being  lOj  miles,  while  in  the  direct  line  it  measures 
only  5  miles.  The  navigation  was  found  to  be  impeded 
by  seven  "  fords  "  or  shallows  which  occur  between  Alloa 
and  Stirling,  and  are  composed  of  boulders,  varying 
from  a  few  pounds  to  several  tons  in  weight,  imbedded 
in  clay. 

It  was  determined,  in  the  first  instance,  to  remove 
two  of  these  obstructions,  viz.,  the  "  Town "  and  the 
"  Abbey"  Fords,  which  lie  nearest  to  Stirling,  and,  having 
the  smallest  depth  of  water,  formed  the  greatest  obstruc- 
tion to  the  free  passage  of  vessels.  The  works  were  com- 
menced at  the  lower  end  of  the  Abbey  Ford,  and  were 
carried  regularly  upwards.  The  new  channel  excavated 
through  this  ford  was  about  500  yards  in  length,  and 
75  feet  in  breadth,  and  was  deepened  in  some  places 
about  3  feet  6  inches. 

Previous  to  the  commencement  of  the  work,  tide- 
gauges  were  erected  in  the  positions  marked  1,  2,  3,  and 
4,  in  fig.  51,  on  which  a  series  of  observations  was  made 
for  the  purpose  of  establishing  the  original  tidal  pheno- 
mena  of  the  river.      After   the   Abbey   Ford  was   cut 


APPLICATION  OF  THESE  WORKS  IN  PRACTICE. 


273 


f}- 


I 


274 


CANAL  AND  RIVER  ENGINEERING. 


through,  further  observations  were  made  on  the  same 
gauges ;  and  it  is  to  a  comparison  of  these  two  sets  of 
observations  that  I  desire  specially  to  refer.  It  is  neces- 
sary to  explain  that  gauge  No.  1  is  at  Stirling  quay,  No.  2 
about  500  yards  farther  down,  No.  3  at  the  top  of  the 
Abbey  Ford,  and  No.  4  immediately  below  it.  It  will 
therefore  be  understood  that  the  Abbey  Ford,  through 
which  a  channel  was  cut,  lies  between  gauges  Nos.  3 
and  4.  The  whole  of  the  gauges  were  placed  on  the  same 
level,  so  that  their  readings  might  be  more  easily  com- 
pared ;  and  the  following  are  the  results  obtained  with 
reference  to  the  level  of  the  low- water  line  : — 


Levels  of  Low-water  Line. 

Gauge 

No.  4. 

Gauge 
No.  3. 

Gauge 
No.  2. 

Gauge 
No.  1. 

Ft.      in. 

5     6 
5     0 

0     6 

In  1847  the  low-water  line  was 
found  to  stand  at  the  following 
levels,       ..... 

In  1848, 

Depression, 

Ft. 

2 
2 

in. 

0 
0 

Ft      In. 
5       0 

3     6 

Ft      in. 

5     3 
4     6 

0 

0 

1     6 

0     9 

From  this  tabular  statement  we  find  that  the  low- 
water  line  at  No.  4,  which  is  below  the  site  of  the  works, 
remains  unaltered,  but  that  it  has  fallen  1  foot  6  inches 
at  the  top  of  the  Abbey  Ford  (through  which  the  cut  has 
been  made).  It  further  appears  that  the  formation  of 
this  cut  has  drained  off  the  water,  and  lowered  the  sui*fe,ce 
9  inches  at  gauge  No.  2,  and  6  inches  at  gauge  No.  1, 
which  is  at  Stirling.  The  former  and  present  low-water 
lines  and  bed  of  the  river  are  represented  in  fig.  51,  in 
which  is  also  shown  by  hatched   lines   the   amount  of 
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excavation  on  the  Abbey  Ford.  This  general  depression 
of  the  river  has  of  coiii*se  altered  the  slopes  or  incHna- 
tions  formed  by  the  sui-face  of  low  water;  the  inclination 
between  4  and  3  being  decreased,  wliile  the  inclinations 
between  3  and  2,  and  between  2  and  1,  have  been  in- 
creased in  the  following  ratios  : — 


Inclinations. 


Inclination  between  4  and  3, 
Do.  do.          3  and  2, 

Do.  do.          2  and  1, 


Distance. 


Feet. 


1550 
3050 

uoo 


1847. 


Inches 
per  MUe. 


1848. 


Inches 
per  mile. 


Difference  in 
1848. 


122-5 
519 
11-31 


61-3     :   -61-2 
20-77  ,   +15-58 
22-62      +11-31 


Again,  these  changes  on  the  low- water  line  have  pro- 
duced corresponding  alterations  on  the  velocities  of  the 
first  wave  of  flood,  which  are  found  to  be  as  follows  : — 


Velocities. 

1847. 

1848.            Difference. 

Minnies. 

Minutes.     |     Minutes. 

Time  occupied  by  first  wave  of  tide 
1       in  passing  between  gauges  Nos. 

4  and  3, 

Do.         do.        Nop.  3  and  2, 
Do.         do.       Jfos.  2  and  1, 

Do.         do.       Nos.  4  and  1, 

24 
6 
6 

8 
8^ 

-16 

+  5^ 

36               28 

-8 

From  this  it  appears  that  between  Nos.  4  and  3  there 
is  an  acceleration  of  16  minutes,  while  between  3  and  1 
there  is  a  retardation  of  8  minutes,  leaving  the  difierence, 
or  8  minutes,  as  the  actual  amount  of  accelei'ation  at 
Stirling,  diie  to  the  removal  of  the  ford  and  the  lowering 
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of  the  low- water  level  6  inches  at  that  place.     The  rates 
of  propagation  in  miles  per  hour  are  as  follows  : — 


Rates  of  Propagation. 

1847. 

1848. 

Difference. 

Hilea  per 
Hour. 

Hilea  per 
Boor. 

Rates  of  Propagation  between  Nos. 

4  and  3, 

Do.         do.        Nos.  3  and  2, 
Do.         do.        Nos.  2  and  1, 

•65 
5-77 
2-65 

2-2           +1-55 
3-0           -2-77 
1-87         -0-78 

pagation. 


Relations  of  the  These  observations  and  results  throw  some  additional 
of  tidal  pro-  light  on  the  circumstances  which  modify  the  propagation 
of  the  tidal  wave.  The  table  of  the  results  obtained  at 
the  Tay  shows  that  the  o?ecreased  inclination  of  the  low- 
water  lines  of  that  river  was  attended  by  an  acceleration 
of  the  velocity  of  the  tidal  wave ;  and  the  above  observa- 
tions further  show  that  a  retardation  has  attended  an  in- 
creased inclination  of  the  low- water  line  of  the  upper  part 
of  the  Forth.  From  the  foregoing  tabular  statements  it 
will  be  seen  that  between  gauges  4  and  3,  where  the 
slope  has  been  decreased,  the  propagation  has  been  accele- 
rated ;  while  between  3  and  2,  where,  from  the  state  of 
the  works  when  the  observations  were  made,  the  slope  is 
found  to  have  been  increased,  the  rate  of  propagation  had 
been  sensibly  retarded.  It  is  worthy  of  remark,  however, 
that  the  rates  of  propagation  do  not,  either  at  the  Tay  or 
Forth,  hear  any  constant  relation  to  the  slopes,  but  are 
modified  by  other  circumstances ;  in  proof  of  which  it  will 
be  found  that  the  i*ate  of  propagation  at  the  Forth  be- 
tween gauges  4  and  3,  whei'e  the  slope  is  61*3  inches  per 
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mile,  is  actually  greater  than  between  gauges  2  and  1 , 
where  it  is  only  22  62  inches  per  mile.  The  circum- 
stances of  the  Forth  at  this  particular  place  are  somewhat 
peculiar.  Before  the  Abbey  Ford  was  cut  through,  it 
acted  as  a  dam  extending  across  the  river,  and  had  the 
effect  of  increasing  the  depth  at  low  water  all  the  way  up 
to  Stirling.  By  cutting  the  channel  through  the  ford, 
however,  not  only  has  the  water  been  drained  off  and 
rendered  shallow,  but  its  siu-face  has  been  broken  by  the 
projection  of  boulders  from  the  bottom,  which  formerly 
were  entirely  covered ;  and  while  this  effect  has  taken 
place  in  the  upper  part  of  the  river,  a  comparatively 
smooth  cut,  mth  regular  sides  and  bottom,  has  been 
formed  in  the  Abbey  Ford,  through  which  the  river  flows 
at  low  water  in  a  body  of  considerable  depth.  I  there- 
fore attribute  the  slow  propagation  of  the  tide  between 
2  and  1  to  the  shallowness  of  the  water  and  the  very 
rugged  state  of  the  bottom,  which  is  in  many  places 
completely  studded  with  boulders,  rising  some  above  the 
surface  at  low  water,  and  others  to  within  a  few  inches 
of  it ;  while  the  high  velocity  up  the  steep  slope  of  the 
ford  is  to  be  attributed — 1st,  To  the  depth  of  water 
caused  by  the  whole  river  being  made  to  pass  through  a 
comparatively  narrow  channel ;  2d,  To  the  rectangulai* 
cross-section  of  the  cut ;  and  Sd,  To  the  smoothness  of 
the  sides  and  bottom.    At  the  Firth  of  Dornoch  again,  as  velocity  of 

.,,  i/-\  i-r»  propagation  at 

already  noticed,  between  the  Quarry  and  Bonar  Bridge,  a  oomoch. 
distance  of  1  mile,  although  the  water  is  shallow  and  the 
bottom  rough,  it  is  not,  on  the  whole,  more  so  than  be- 
tween gauges  1  and  2  on  the  Forth ;  but  at  the  Dornoch 
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the  slope  on  that  mile  is  no  less  than  6  feet  6  inches,  and 
the  rate  of  propagation  is  only  two -thirds  of  a  mile  per 
hour.  Moreover,  it  was  found  that  the  tide  did  not  begin 
to  show  at  Bonar  until  it  had  risen  6  feet  6  inches  on  the 
gauge  at  the  Quarry,  being  the  exact  difference  of  level 
between  the  two  points  of  observation. 
Laws  of  tidal  Thcse  various  residts  as  to  slopes  and  rates  of  pro- 

pagation, as  well  as  others  which  have  come  under  my 
notice,  seem  to  justify  the  following  deductions  as  to  the 
propagation  of  the  tide-wave  in  rivers  with  sloping  sur- 
faces and  irregular  bottoms,  which,  as  stated  at  page  187, 
may  be  regarded  as  an  addition  to  the  laws  formerly 
stated  as  regulating  tidal  propagation.  These  results  are 
as  follows : — 

Is^,  That  a  decrease  of  slope  is  followed  by  an  accelera- 
tion of  the  rate  of  propagation  of  the  tidal  wave. 

2d,  That  an  increase  of  slope  is  followed  by  a  retarda- 
tion of  the  rate  of  propagation. 

Sd,  That  the  rate  of  j^ropagation  does  not  bear  any 
constant  relation  to  the  amount  of  slope,  although  it  is 
modified  by  it. 

ith,  That  while  the  rate  of  propagation  in  rivers  is  in 
some  measure  due  to  the  depth  of  water,  it  is  neverthe- 
less influenced  by  the  slope  of  the  surface,  the  form  of  the 
channel,  the  discharge  of  the  liver,  and  the  obstructions 
protruding  from  the  sides  or  bottom. 

5th,  That,  if  not  in  all  cases,  at  least  when  there  are 
steep  slopes  and  shallow  water,  as  at  the  Dornoch  Firth, 
the  level  of  the  crest  of  the  wave  must  rise  to  the  level 
of  the  surface  of  the  water  (or  perhaps  the  bed  of  the 
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river)  above  it,  before  a  progressive  motion  takes  place ; 
and 

Gtk,  That,  from  the  difficulty  of  dealing  with  so  many 
variable  elements,  it  is  impossible,  m  m^iny  rivers,  to 
determine  the  ruling  circumstances  which  can  be  held  as 
regulating  the  rate  of  tidal  propagation. 

KlVER  RiBBLE. 

The  nibble,  in  Lancashire,  as  shown  in  Plate  XY., 
the  improvements  of  which  were  designed  by  Messi-s. 
Stevenson,  presents  an  example  of  a  great  amount  of 
additional  depth  having  been  obtained  in  a  compara- 
tively short  space  of  time.  That  river,  according  to 
Mr.  Park,  who  conducted,  as  resident  engineer,  the 
greater  part  of  the  works,  has  a  course  of  82  miles,  and 
drains  900  square  miles  of  the  counties  of  York  and 
Lancaster.  The  formation  of  its  bed  rendered  the  state 
of  the  tidal  compartment  previous  to  the  improvements 
very  defective.  The  bottom  in  the  lower  part  of  the  river 
consists  of  loose  sand,  while  that  of  the  upper  reach  is 
alternately  compact  gravel  and  sandstone  rock.  About 
half  a  mile  below  Preston,  in  particular,  it  was  foimd  that 
a  solid  ridge  of  sandstone,  extending  to  300  yards  in 
length,  stretched  quite  across  the  channel.  Its  sm-face 
was  from  3  to  5  feet  higher  than  the  general  bed  of  the 
river  both  above  and  below  it,  and  so  prominent  an 
obstruction  did  it  form  that  the  higher  parts  of  the  rock 
were  occasionally  left  diy  during  the  long  droughts  of 
summer.  The  propagation  of  the  tidal  wave  and  free 
flow  of  the  currents  were   checked  on   approaching   it. 
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while  the  power  of  the  tidal  and  fresh-water  scours  was 
in  a  great  measure  neutralized,  and  rendered  almost 
unavailable  in  keeping  open  the  upper  and  lower  stretches 
of  the  navigation ;  so  that  its  influence  in  obstructing  the 
river  resembled  that  of  a  great  artificial  weir  stretching 
across  the  stream.  In  proof  of  this  it  may  be  stated  that 
the  ordinary  rise  of  spring-tides  at  Lytham,  which  is 
12  miles  seaward  of  Preston,  is  about  19  feet,^  and  that 
of  neap-tides  is  14  feet,  while  at  Preston,  prior  to  the 
operations,  the  rise  of  spring-tides  did  not  exceed  6  feet, 
and  neap-tides  of  13  or  14  feet  rise  at  Lytham  did  not 
reach  Preston  at  aU.  The  removal  of  the  rock  which 
encumbered  the  bed  was  naturally  viewed  as  the  most 
urgent  and  important  work  for  effecting  an  improvement 
in  the  tidal  phenomena  and  general  depth  of  water.  To 
this,  therefore,  the  Navigation  Company  first  dii'ected  its 
attention,  and,  as  has  been  noticed  in  Chapter  VIII., 
succeeded  in  removing  the  rock,  and  further,  in  dredging 
many  thousand  tons  of  gravel,  and  erecting  about  18 
miles  of  rubble  training- walls.  I  have  already  given 
some  details  as  to  these  works,  and  I  have  only  to  add 
here  that  they  have  effected  a  striking  improvement  on 
the  navigation.  Mr.  Garlick  some  years  ago  informed  me 
that,  at  "the  Chain,"  below  Preston,  the  level  of  the  low 
water  was  6  feet  8  inches  lower  than  it  was  in  1841,  before 
which  period  the  works  had  begun  to  show  their  effect. 
So  that  it  is  safe  to  conclude  that  the  total  lowering  of  the 


*  Captain  Sir  Edward  Belcher,  while  engaged  in  making  the  Admiralty 
Survey  of  the  Ribble,  found  that  on  one  occaaiou  the  tide  at  Lytham  rose 
25  feet  7^  inches. 
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low-water  line  is  between  7  and  8  feet,  and  the  tidal 
range  has  been  increased  to  the  same  extent,  and  the 
tidal  propagation,  when  I  had  occasion  to  ascertain  it 
some  years  ago,  was  found  to  have  been  accelerated 
upwards  of  an  hour.  The  practical  result  of  this  im- 
provement is  that  vessels  to  which  the  navigation  was 
previously  at  all  times  closed,  can  now  come  up  to  the 
quays  at  Preston  with  comparative  ease  and  safety,  even 
in  neap-tides.  The  training-walls  are  now  being  ex- 
tended farther  seawards. 

ElVER  LUNE. 

The  works  on  the  Lune  in  Lancashire  were  executed 
by  Messrs.  Stevenson,  under  the  direction  of  the  Ad- 
miralty. They  consisted  in  removing  obstructions  by 
dredging,  shutting  up  subsidiary  channels,  and  erecting 
river  walls.  Like  all  rivers  flowing  through  tracts  of 
sand -banks,  the  Lune  was  ever  changing  its  course,  and 
in  order  to  illustrate  this  I  have  shown  on  Plate  VIII. 
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the  channel  of  the  Lune  in  August  1847,  August  1848, 
and  December  1848,  taken  from  actual  survey.  The 
great  object  of  the  improvements  Avas  by  removing 
obstructions  and  making  training  walls  so  to  regulate  the 
ciurents  as  to  insure  a  fixed  channel  and  a  greater  depth. 


282  CANAL   AND   RIVER   ENGINEERING.  . 

Fig.  52  shows  the  gradual  change  efi'ected  on  the  low- 
water  line  in  consequence  of  the  works.  The  upper  line 
shows  the  surface  of  the  river  in  1838,  the  intermediate 
line  in  1848,  and  the  lower  line  in  1851.  The  genend 
effect  has  been  to  increase  the  depth  of  water  up  to  the 
quays  at  Lancaster  about  4  feet,  and  to  prolong  the 
duration  of  the  tidal  influence  at  that  place  30  minutes 
in  neap  and  one  hour  and  a  half  in  spring  tides,  so  that 
vessels  can  approach  and  leave  Lancaster  much  earlier 
than  formerly,  while  the  improved  channel  is  navigated 
with  much  greater  ease. 

River  Nith. 

The  river  Nith  may  be  cited  as  a  good  example  of 
the  effect  of  training- walls.  In  1860  Messrs.  D.  and  T. 
Stevenson  recommended  the  Commissioners  of  the  Nith 
Navigation  to  place  a  continuous  low-water  training-wall 
through  the  estuary,  the  channel  in  which  was  constantly 
"see-sawing"  from  side  to  side.  This  wall,  more  than 
2  miles  in  length,  was- finished  in  1863,  and  no  dredging 
was  ever  necessary,  the  deepening,  amounting  in  some 
places  to  as  much  as  12  feet,  having  been  done  solely  by 
Deepening  the  scour  produccd  by  the  directed  current.  The  channel 
increased  sconr.  SO  deepened  and  straightened  has  kept  a  permanent 
course  ever  since. 

River  Clyde. 

The  Clyde  affords  a  striking  proof  of  the  extent  to 
which  river  improvements  may  be  carried.  So  insignifi- 
cant was  the  stream  in  its  natural  state,  that  Smeaton, 
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in  1755,  proposed  to  erect  a  dam  with  locks  in  the  lower 
part  of  the  river,  and  to  convert  it  into  a  tidal  canal  in 
order  to  bring  craft  drawing  4  feet  6  inches  up  to  Glas- 
gow. In  1768,  however,  Golbume  surveyed  the  river. 
He  found  that  as  far  down  as  Balpatrick  the  depth  of 
water  was  only  2  feet,  and  recommended  the  construction 
of  a  series  of  jetties  from  either  side,  for  the  piu-pose  of 
narrowing  and  deepening  the  stream.  This  may  be  held 
to  have  been  the  commencement  of  the  improvement  of 
the  river  Clyde,  which  now  admits  vessels  drawing  24 
feet  to  steam  up  to  Glasgow  in  one  tide.  The  reader 
must  not,  however,  suppose  that  this  result  has  been 
attained  by  means  of  the  jetties  which  were  erected 
under  the  advice  of  Golbiu-ne.  It  was  soon  discovered 
that  this  object  could  not  be  gained  by  such  works,  and 
it  was  not  until  the  ends  of  the  jetties  were  connected 
by  longitudinal  walls,  and  until  dredging  machines  were 
extensively  employed,  that  the  Clyde  improvements  began 
to  assume  an  importance  commensurate  with  the  vast 
commercial  interests  of  the  city  of  Glasgow  and  sur- 
rounding districts.  Even  so  recently  as  1836,  Mr.  James 
Walker  was  asked  to  report  to  the  Trustees  on  a  scheme 
to  construct  a  canal  from  BowHng  to  Glasgow,  It  is, 
indeed,  since  1836  that  the  navigation  of  the  Clyde  may 
be  said  to  have  made  its  most  important  progress  towards 
its  present  state,  and  this  has  been  achieved  in  a  great 
measure  by  widening  the  river  where  it  had  been  impru- 
dently contracted,  and  by  dredging  on  an  enormous  scale, 
as  I  have  already  stated  in  Chapter  VIII.,  imder  the 
head  of  Dredging,  and  nothing  now  can  avail  to  remove 
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continually  growing  obstructions,  and  to  keep  the  naviga- 
tion open,  but  an  unremitting  application  of  steam  power 
applied  to  the  best  advantage.  It  would  have  been  very 
interesting,  in  such  a  case  as  the  Clyde,  which,  I  may 
say,  from  being  a  mere  stream  has  been  converted  into  a 
great  tidal  channel,  to  have  possessed  accurate  records  of 
the  original  and  present  levels  of  the  low- water  and  high- 
water  lines  of  the  river. 

It  is  not  possible  to  arrive  at  a  correct  estimate  of  the 
actual  extent  to  which  the  low-water  level  of  a  river  has 
been  lowered,  unless  an  accurate  record  has  been  kept  of 
the  levels  with  reference  to  a  fixed  bench-mark.  The 
lowering  of  the  low  water  is  a  slow  process,  and  the  eye 
gradually  becomes  associated  from  year  to  year  with  an 
entirely  altered  state  of  the  river,  which,  if  it  had 
occiu-red  in  the  course  of  a  night,  or  even  a  week,  would 
have  struck  even  a  casual  observer  with  amazement.  It 
is,  I  believe,  impossible  now  to  arrive  at  the  extent  to 
which  the  bed  of  the  Clyde  has  been  lowered  since  the 
days  of  Golburne,  as  the  old  plans  do  not  specify  a  proper 
datum  for  reference.  But  having  occasion  to  inquire  into 
this  with  reference  to  a  judicial  question  on  which  I  was 
instructed  to  report  to  the  Court  of  Session,  I  found  the 
means  of  arriving  pretty  accurately  at  the  extent  the 
low- water  line  had  been  lowered  since  1853  at  Erekine 
Ferry  and  West  Ferry,  the  former  9 J,  the  latter  13j 
miles  from  Glasgow ;  and  the  following  table  gives  the 
results  as  reported  by  me  to  the  Court.  But  even  these 
figures  may  be  subject  to  some  correction,  due  to  the 
state  of  the  river  when  the  observations  were  made  : — 
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Tabular  View  of  the  Relati\te  Le\t:ls  of  Low  Water  at 
VARIOUS  dates  from  1853  TO  1868. 

Levds  below  fFest  Ferry. 

dat'.:m. 

1800.     Low  water  on  cross-sections,  1853  ;  by  Thomas  Kyle. 
18*08.     Low  water,  spring,  1853,  on  section;  by  Thomas  Kyle. 
18*17.     Low  water,  average  spring,  April  to  September  1853;  note 

on  plan  by  Thomas  Kyle. 
18*58.     Low  water,  spring,  20th  March  1840;  sections  by  Thomas 

Kyle. 
19  "3  2.     Low   water,   spring,    17th   September    1868;   reported  by 

David  Stevenson. 

Erskine  Ferry. 

17*00.     Low   water,   spring,    1853,   on    longitudinal    section;    by 

Thomas  Kyle. 
17'15.     Low  water,  spring,  1853,  on  cross-sections ;  by  Thomas  Kyle. 
17*42.     Low  water,  average  spring,  April  to  September  1853  ;  note 

on  plan  by  Thomas  Kyle. 
17*51.     Low   water,   spring,    20th   March    1840,    on    section;    by 

Thomas  Kyle. 
17*60.     Low  water,  on  contract  plan,  by  John  F.  Ure,  dated  10th 

April  1855. 
18-18.     Low  water  in  1866  and  1867. 
18*70.     Low   water,   spring,    19th   September    1868;  reported   by 

David  Stevenson. 

Note. — The  datum  to  which  the  levels  refer  is  the  surface  of  the 
cope  of  South  Quay  wall  of  Glasgow  harbour,  as  defined  in  plan 
1853-4,  by  Thomas  Kyle. 

In  the  upper  part  of  the  river  the  lowering  of  the  bed 
has  been  much  greater.  In  1832,  the  late  Mr.  Robert 
Stevenson  erected  Hutcheson  Bridge,  which  crossed  the 
Clyde  at  the  site  of  the  new  Albert  Bridge.  The  masoniy 
of  the  piers  of  Hutcheson  Bridge  was  laid  at  the  level  of 
7  feet  below  the  bed  of  the  Clyde,  on  a  platform  of  timber 
on  piles  18  feet  in  length.     I  found  by  a  section  made  in 
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1845,  after  a  lapse  of  thirteen  years,  that  the  level  of  the 
river  had  been  lowered,  in  consequence  of  the  improve- 
ments of  the  Clyde  Trustees,  no  less  than  11  feet,  and 
even  with  that  amount  of  scour  the  bridge  was,  and 
might  long  have  remained,  a  safe  structure.  But  imme- 
diately above  its  site  there  was  a  weir  which  danuned  up 
the  Clyde  and  formed  a  lake,  or  almost  stUl  pool,  for 
sevei'al  miles.  It  was  determined  to  remove  this  weir, 
and  after  its  removal  the  bridge  could  no  longer  be  pro- 
noimced  safe ;  and  it  has  been  accordingly  replaced  by 
the  present  structure. 
Glasgow  Weir.  It  is  right  to  state,  with  reference  to  the  removal  of 
the  Clyde  weir,  and  as  to  what  I  have  said  on  the  subject 
in  Chapter  VII.,  that  the  removal  of  weirs,  viewed  as  an 
abstract  question,  is  in  general  a  safe  and  even  proper 
navigation  improvement.  But  the  case  of  the  removal  of 
the  Clyde  weir  was  very  different,  and  the  clauses  of  the 
Glasgow  Water  Commission  Bill  of  1865  which  were  to 
give  power  to  remove  the  weir  were  condemned  by  Mr. 
David  Stevenson  as  being  had  Engineenng.  His  opinion 
he  thus  stated  :  "  The  removal  of  the  weir  and  the  conse- 
quent lowering  of  the  bed  of  the  river  would  at  once  set 
loose  a  large  quantity  of  stuff  from  the  bed  and  banks, 
extending  for  a  long  distance  up,  all  of  which  debris 
would  be  carried  down,  and  would,  aftw'  every  flood, 
occasion  great  inconvenience  in  the  harboiu-  by  causuig 
banks  which  would  have  to  be  dredged  out.  As  regards 
the  effect  of  the  removal  of  the  weir  on  the  upper  river, 
the  result  will  be  that  the  sides  of  the  river  will  be  lefl 
as  uncovered  mud-banks  at  low  water,  and  will  conti'ast 
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very  badly  with  the  present  [then]  state  of  matters,  for 
the  water  is  now  kept  up  by  the  weii',  and  the  river  from 
Riitherglen  Bridge  to  the  weir-  at  all  times  presents  the 
appearance  of  high  water,  and  is  unquestionably  a  great 
addition  to  the  attractions  of  the  Green,  of  which  it  forms 
the  southern  boundary,  being  frequented  by  hundreds  of 
people  in  row-boats,  and  also  by  bathers." 

Mr.  David  Stevenson  did  not  believe  in  the  gi*eat 
increase  of  scouring  power  due  to  the  removal  of  the  dam, 
for  in  1865  he  said  that  he  "had  no  doubt  that  the 
increased  scour  would  be  veiy  small,  and  he  would  not 
consider  the  immediate  prejudice  to  the  harbour  due  to 
the  removal  of  the  weir  as  compensated  by  any  additional 
scour  that  can  be  gained." 

The  weir  has  now  been  removed,  and  from  a  paper 
by  Mr.  James  Deas  ^  it  will  be  seen  that  the  results  of  the 
removal  of  the  weir  were  by  no  means  exaggerated  by 
Mr.  David  Stevenson,  and  Mr.  Deas  further  shows  "  that 
deep-di-aughted'  vessels  are  kept  from  half  an  hour  to  an 
hour  longer  waiting  on  the  tide  before  they  can  leave,  in 
consequence  of  the  tide  which  was  formerly  impounded 
by  the  weir  now  flowing  unimpeded  into  the  upper  reaches 
of  the  nver.  I  have  liad  the  hourly  readings  of  the  tide 
in  Glasgow  Harbour  taken  out  from  the  Tide  Records  for 
1878,  before  the  removal  of  the  weir,  and  for  last  year, 
and  find  that  at  three  hours  before  high  water  there  were 
12|  inches,  at  two  hours  before  12|  inches,  and  at  one 
hour  before  high  water  6j  inches  higher  water  in  the 

1  The  Weirs  across  the  Clyde  at  Glasgow :  Results  of  their  Removal,  Novem- 
ber 1885. 
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harbour  in  1878  than  in  1884,  although  high  water  was 
the  same  height  in  both  years."  "  The  anticipated 
increase  of  scour  has  not  been  obtained." 

The  Clyde  below  Dumbarton,  down  to  the  tail  of  the 
Bank  below  Greenock,  passes  through  an  estuary  encum- 
bered with  sand-banks,  which  subdivide  the  low-water 
channel  into  several  branches,  by  each  of  which  some  part 
of  the  flood  and  ebb  tide  waters  escape,  instead  of  the  early 
flood  and  late  ebb  currents  operating  in  one  permanently 
defined  course,  and  thus  a  waste  of  tidal  power  is  in- 
curred. The  training-walls  erected  by  the  Clyde  Trustees 
terminate  at  Dumbarton,  below  which  no  works  have 
been  executed  except  dredging.  The  Clyde  Trustees' 
jurisdiction,  however,  extends  down  to  Newark  Castle, 
near  Port- Glasgow.  Below  this  point,  and  down  to  the 
Cumbrae  Lighthouse,  the  navigation  was,  by  an  Act  of 
Parliament  passed  in  1871,  put  into  the  hands  of  the 
Clyde  Lighthouses  Trustees;  and,  in  1872,  they  in- 
structed Messrs.  Stevenson  to  make  a  survey  of  the 
Clyde  from  Newark  Castle  to  Whitefarland  Point,  with 
a  view  to  determine  the  existing  state  of  the  river,  and 
to  report  what  works  should  be  undertaken  for  its  im- 
provement. 

Messrs.  Stevenson  recognised  in  their  report  the 
importance  and  diflSculty  of  the  question,  as  there  were 
many  weighty  interests  involved,  including  the  naviga- 
tion of  the  river  Clyde  to  Glasgow,  and  the  other  im- 
portant harbours  to  which  in  its  course  it  affords  access, 
especially  those  of  Port-Glasgow  and  Greenock.  The 
difficulty  consisted  in  deciding  on  a  plan  of  works  which 
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would  be  injurious  to  no  interests,  and  such  that  works 
suggested  for  any  particular  portion  of  the  river  might 
be  made  to  form  a  portion  of  a  comprehensive  scheme 
of  river  improvement  embracing  the  whole  navigation. 
They  recommended  the  construction  of  training-walls ; 
but  as  they  considered  it  absolutely  necessary  that  the 
Clyde  Tiiist  should  act  in  concert  with  the  Clyde  Light- 
houses Trust  in  the  matter,  they  proposed,  while  negotia- 
tions were  going  on,  that  the  more  urgent  and  immediate 
defects  of  the  navigation  might  be  removed  by  excavating 
the  foreshore  at  Garvel,  and  deepening  that  part  of  the 
river,  thus  easing  the  curve  at  that  place,  which  made  the 
navigation  of  the  river  at  this  point  extremely  difficult. 
The  Greenock  Harbour  Trust,  fearing  that  the  removal 
of  Garvel  Point  might  have  the  effect  of  silting  up  the 
mouths  of  their  harbours,  consulted  Sir  John  Hawkshaw 
on  the  subject,  and  after  careful  consideration  it  was 
agreed  between  the  two  Trusts,  though  a  more  costly 
plan,  to  proceed  with  the  work  by  stages,  and  it  was 
accordingly  arranged  to  excavate  the  channel  in  the  first 
place  to  a  depth  of  14  feet  at  low  water.  Dredgers  were 
hired,  and  the  first  compartment  was  completed,  and  some 
soft  material  was  also  taken  out  above  Port-Glasgow,  at 
the  lower  end  of  the  Clyde  Trust's  boundary,  which  was 
always  a  troublesome  part  of  the  river  to  keep  deep. 
The  work,  however,  proceeded  very  slowly,  and  the  Clyde 
Lighthouses  Trustees  resolved  to  apply  to  Parliament  for 
fiirther  borrowing  powers,  to  enable  them  to  push  the 
works  on  more  rapidly.  With  this  view  Messrs.  Steven- 
son reported  that  the  line  of  channel  should  be  fixed  by 


Scheme. 
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low  training-walls,  so  as  to  liug  closely  the  south  shore. 
Mr.  Bateman,  acting  for  the  Clyde  Trust,  wished  to  run 
the  channel  out  between  the  Cockle  and  Pillar  banks,  and 
Mr.  Kinipple,  acting  for  the  Greenock  Harbour  Trust,  to 
make  a  straight  cut  from  Garvel  Point  through  the  end 
of  the  Greenock  bank.  These  diverse  views  could  not 
well  be  reconciled,  and  the  Clyde  Lighthouses  Trust 
resolved  to  abandon  the  idea  of  training-walls,  and  to 
adopt  the  more  costly  mode  of  improvement  by  dredging 
alone.  In  1880  an  Act  was  obtained,  authorising  the 
scheme  shown  on  Plate  XVI.,  and  giving  boiTowing 
powers  to  the  extent  of  £80,000. 
ciyiie  This  scheme,  it  will  be  seen,  was  to  dredge  a  channel 

Lighthouses 

Trustees'  18  fcot  deep  at  low  water,  from  opposite  the  Albert 
Harbour,  Greenock,  to  the  Trustees'  boundary  at  Port- 
Glasgow,  and  to  form  in  the  centre  of  this  channel  a 
deeper  cut,  23  feet  deep  at  low  water,  from  the  Albert 
Harbour  to  the  entrance  to  the  Watt  Dock.  The  first 
step  was  to  acquire  dredging  plant,  which  has  been  already 
described  under  the  head  of  Dredging,  and  an  account  is 
there  given  of  the  cost  and  nature  of  the  work  done.  The 
works  have  been  vigorously  pushed  forward,  and  the 
channel  between  the  entrance  to  the  Watt  Dock  and 
Port-Glasgow  is  completed,  while  the  lower  portion  is 
still  in  progress.  The  Clyde  Lighthouses  Tinistees  desei've 
great  credit  for  the  able  and  public-spirited  manner  in 
which  they  have  and  are  discharging  the  duties  devolving 
upon  them.  In  addition  to  the  dredging  operations,  they 
have  under  their  control  the  lighting  and  buoying  of  the 
Firth  between  the  Cumbi*aes  and  Port-Glasgow,  and  there 
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is  probably  no  better-lighted  estuaiy  in  the  world  than 
the  Clyde  below  Port-Glasgow, 

River  Tees. 

The  Tees  aflfords  an  example  of  a  navigation  where 
improvement  was  long  defen'ed  in  consequence  of  advice 
which  was  not  calculated  to  attain  that  object.  I  am 
indebted  to  Mr.  John  Fowler,  of  Stockton,  the  Engineer 
to  the  Tees  Commissioners,  for  the  information  concerning 
that  nver.  Without  going  back  to  its  very  early  history, 
it  is  sufficient  to  say  that  in  1804  Mr.  Chapman  found 
that  the  available  depth  up  to  Stockton  was  9  feet  at 
spring  tides,  and  at  Cargofleet,  five  mUes  below  Stockton, 
there  was  a  shoal  with  only  2  feet  at  low  w^ater.  Follow- 
ing out  his  report,  the  Tees  Navigation  Company  was 
incorpoi'ated — the  Portrack  cut  was  executed,  and  opened 
in  1810,  and  effected  some  improvement.  It  does  not 
appear  that  much  more  was  done  till  1827,  when  the 
Na\'igation  Company  consulted  Mr.  Robert  Stevenson  of 
Edinburgh  and  Mr.  H.  Price.  Both  of  these  engineers 
recommended  another  cut  to  be  formed,  as  akeady  noticed 
at  page  225,  but  they  differed  in  opinion  as  to  the  general 
treatment  of  the  river.  Mr.  Price  recommended  that 
it  shoiUd  be  contracted  by  jetties,  and  Mr.  Stevenson 
that  the  banks  should  be  faced  with  continuous  walls, 
stating  as  his  reason  for  this  recommendation,  **  that  to 
project  numerous  jetties  into  the  river  I  regard  as  in- 
expedient, being  a  dangerous  encumbrance  to  navigation, 
and  tending  to  disturb  the  currents  and  destroy  the  uni- 
formity of  the  bottom."     The  plan  adopted  by  the  Navi- 
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gation  Company  was  however  that  of  Mr.  Price,  and  jetties 
were  constructed  on  the  river  to  a  large  extent,  and  Mr. 
Fowler  says  "  that  after  a  trial  of  twenty-seven  years  it 
was  found  that  they  were  liable  to  all  the  objections  that 
had  been  urged  against  them  by  Mr.  Stevenson."  Accord- 
ingly, under  Mr.  Fowler's  direction,  all  the  jetties  have 
been  removed,  and  the  river  is  now  guided  between  con- 
tinuous walls  in  the  upper  part  of  its  course,  and  low 
training- walls,  similar  to  those  in  the  Ribble  and  other 
rivers,  have  been  consti^icted  in  the  lower  reaches.  The 
result  of  the  operations  carried  out  by  Mr.  Fowler  is  that 
there  is  now  an  easily  maintained  channel  having  a  navi- 
gable depth  of  18  feet  up  to  Stockton,  where,  besides  the 
ordinary  traffic  of  the  district,  there  is  a  large  ship-build- 
ing trade,  launching  steamers  of  3000  tons  burden. 

FOYLE. 

The  works  executed  at  the  Foyle  are  a  very  good 
example  of  what  can  be  done  in  the  improvement  of  a 
navigation  by  dredging  alone.  From  Plate  XVII.,  which 
represents  the  state  of  the  navigation  in  1853,  it  will  be 
seen  that  the  Port  of  Londonderry  stands  at  the  head  of 
the  navigation,  1 8  miles  from  the  sea.  The  chief  obstruc- 
tions to  the  navigation  of  the  river  were  the  abrupt  and 
very  awkward  turn  which  occurred  at  Ross's  Bay,  in 
consequence  of  the  projection  of  the  western  foreshore,  but 
specially  the  shallowness  of  the  water  on  the  "  Flats," — 
the  local  name  given  to  the  sand  and  mud  banks  with 
which  the  upper  part  of  the  estuaiy  is  encumbered, — and 
which  are  intersected  by  blind  and  back  channels  of  varying 
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depths.  The  lower  part  of  the  Lough  is  deep,  kept  so 
by  the  scour  of  the  tide  passing  in  and  out  of  the  large 
estuary.  This  scour,  and  the  fact  of  the  entrance  being 
sheltered  by  Innishowen  Head,  no  doubt  accounts  for  the 
deep  channel  which  exists  between  the  Tuns  sandbank  and 
the  north  shore.  In  1853  Messrs.  D.  and  T.  Stevenson  . 
were  consulted  by  the  Ballast  Board,  now  the  Port  and 
Harbour  Commissioners  of  Londonderiy,  regarding  the 
improvements  they  should  undertake,  and  acting  on  their 
advice  an  Act  was  obtained  for  deepening  and  improving 
the  channel  up  to  Londonderry,  and  for  the  construction  of 
wharves,  a  dry  dock,  etc.,  at  an  estimated  cost  of  £84,000. 
These  works  were  completed  in  1863,  the  dock  and 
wharves  having  been  executed,  and  the  minimum  depth 
in  the  channel  having  been  increased  from  17 '6  to  19  feet 
at  high-water  spring  tides,  the  rise  of  tide  being  8  feet. 
Between  1862  and  1872  the  revenue  of  the  Port  increased 
from  £12,235  to  £19,552,  and  encouraged  by  this,  in  1873 
the  Commissioners  again  approached  Parliament  and  ob- 
tained further  borrowing  powers  for  the  execution  of  addi- 
tional works  recommended  by  Messrs.  Stevenson  after  a 
careful  sui'vey  of  the  navigation.  The  most  important  of 
these  were — (l)  The  erection  of  a  low  training- wall  from 
a  pomt  below  Culmore,  on  the  south  side  of  the  river, 
to  a  point  near  Ture  Lighthouse,  so  as  to  concentrate  the 
scour  in  one  channel  over  the  flats ;  (2)  the  removal  of 
the  harder  portions  in  the  channel  over  the  flats  which 
would  not  scour  by  dredging ;  (3)  the  improvement  of 
the  curves  at  Ross's  Bay  and  Culmore  Point ;  (4)  the 
extension  of  the  quays,  the  formation  of  timber  ponds, 
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shipbuilding  stances,  and  landing- piers,  at  an  estimated 
cost  of  £91,000.  The  training- wall,  which  would  un- 
doubtedly have  saved  a  considerable  amount  of  dredg- 
ing, was  not  earned  out,  on  account  of  fears  whicli  were 
entertained  that  it  might  damage  the  salmon  fishings, 
which  are  very  valuable.  The  dredging  has,  however, 
been  actively  pushed  on,  a  48  horse-power  dredger  and 
two  steam  hopper  barges  being  employed  in  the  work. 
The  details  and  cost  of  this  work  are  given  at  page  237. 
On  the  flats  the  system  followed  was  to  dredge  the 
harder  portions  of  the  new  channel,  and  allow  the  softer 
parts  *to  be  removed  by  the  improved  scour,  which  not 
only  did  so,  but  promises  to  prove  sufiicient  to  maintain 
the  channel,  now  that  it  is  formed,  no  tendency  to  silt 
up  having  shown  itself.  The  dredging  was  confined 
to  a  width  of  200  feet,  which  represented  the  bottom 
of  the  channel,  the  sides  being  allowed  to  come  to  the 
natural  slope  by  " running  in"  to  the  channel  from  which 
the  material  was  dredged.  When  the  works  were  being 
designed,  much  consideration  was  given  to  the  question 
as  to  which  of  the  two  channels  over  the  flats  should  be 
adopted.  Messrs.  Stevenson  chose  the  western,  although 
the  eastern  had  rather  a  less  extent  of  shoal  water ; 
because,  owing  to  its  being  the  deepest  navigable  track, 
combined  with  its  directness  and  the  proximity  of  the 
hard  coast-line,  they  were  of  opinion  that  the  current 
would  be  more  readily  trained  to  it,  and  the  result  beare 
out  the  soundness  of  that  opinion.  There  is  now  a  depth 
of  16  0  feet  at  low  water,  and  24  at  high  water  up  to 
Londondeny,  being  an  increase  of  6  feet  6  inches  since 
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1853,  while  the  tonnage  of  the  Port  has  increased  nearly 
fourfold. 

Many  instances  might  be  referred  to  where  a  course 
of  treatment  opposed  to  that  which  I  have  recommended 
has  not  been  followed  by  favourable  results ;  but  I  deem 
it  sufficient  to  confine  my  remarks  chiefly  to  an  exposition 
of  the  correct  piinciples  of  river  improvement,  without 
discussing  at  length  erroneous  practice  or  its  baneful 
results. 


CHAPTER  X. 

SITUATIONS   WHERE   THE   PRINCIPLES   OF   IMPROVEMENT 
RECOMMENDED   ARE   NOT   APPLICABLE. 

It  is  necessary,  however,  to  state  that  in  certain  situa- 
tions the  principles  of  river  improvement  which  I  have 
advanced  will  be  found  to  be  of  very  limited  application. 
Such  cases,  indeed,  are  rarely  to  be  met  with,  but  still  it  is 
necessary  to  notice  them.  I  allude  to  rivers  where  the 
tidal  or  intemiediate  compartments  are,  from  natural 
causes,  of  very  small  extent. 

The  Erne. 
To  illustrate  what  is  meant,  I  refer  to  the  Erne  in 
Donegal,  which  is  tidal  for  only  2  J  miles,  from  the  bar 
up  to  the  town  of  Bally  shannon,  where  the  tidal  flow  is 
terminated  by  what  is  called  the  "  Salmon  Leap,"  a  per- 
pendicular bed  of  rock  extending  across  the  river,  and 
rising  to  a  height  of  15  feet,  over  which  the  river  falls  in 
a  cascade.  This  waterfall  forms  the  Hmit  of  the  tidal 
flow,  beyond  which  it  could  not,  without  works  of  a 
gigantic  character,  be  fex tended. 

The  Ness. 
Another  case  is  the  Ness,  where,  indeed,  although 
there  is  no  waterfall,  there  exists  perhaps  a  no  less  serious 
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obstacle  to  tidiil  flow.  The  river  at  present  passes,  by 
a  bending  channel,  from  Inverness  to  the  Beauly  Fii-tli  at 
Kessock  Roads,  a  distance  of  about  2  miles.  A  scheme 
was  proposed  in  1847  for  making  a  straight  cut  to  obviate 
the  great  difficulty  which  vessels  have  in  making  their 
way  from  the  Beauly  Firth  to  Inverness,  a  difficulty  which 
was  mainly  attributed  to  prevailing  adverse  winds,  due 
to  the  configuration  of  the  suiTOunding  hills.  But  on 
making  an  investigation,  with  a  view  to  reporting  on  the 
proposed  improvement  scheme  to  the  Admiralty,  it  was 
found  that  the  difficulties  attending  the  navigation  of  the 
river  are  mainly  the  prevailing  outward  currents  due  to 
the  physical  conformation  of  the  bed  of  the  Ness,  which 
may  be  shortly  described,  as  it  illustrates  generally  a 
class  of  rivers  which  are  very  difficult  to  improve: — Is^, 
The  rise  of  ordinary  spring  tides  at  the  mouth  of  the  river 
is  14  feet;  2d,  The  distance  to  which  the  influence  of 
such  tides  extends  is  only  about  2  miles,  which  comprises 
the  w^hole  tidal  compartment  of  the  river ;  Zd,  The  slope 
or  inclination  of  the  low-water  line  of  this  tidal  compart- 
ment is  no  less  than  7  feet  per  mile,  and  the  tide  takes 
from  2  to  3  hours  to  make  its  way  up  the  first  mile ;  ith. 
The  natural  result  of  such  a  state  of  matters  is,  that  no 
tidal  current  is  generated  at  the  mouth  and  propagated 
up  the  stream,  and  consequently  the  phenomenon  of  a 
cuiTent,  due  to  flood-tide,  may  be  said  to  be  almost 
unknown. 

Under  these  circumstances  the  main  barrier  to  free 
navigation  of  the  river  Ness  may  be  traced  to  the  absence 
of  a  tidal  current,  to  aid  the  entrance  of  vessels  from 
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Kessock  Roads,  and  assist  their  progress  up  the  quays. 
This  part  of  a  ship's  voyage  is  at  present  effected  by  the 
help  of  men  and  horses,  which  drag  the  vessel  against 
the  nearly  constant  downward  current,  which  varies  in 
strength  with  the  amount  of  water  discharged  by  the 
river  Ness,  during  its  frequent  heavy  floods. 

The  existence  of  a  moderate  amount  of  fall  or  slope  on 
the  low- water  line  of  a  river  is  a  hopeful  feature  in  its 
capabilities  for  improvement ;  while,  on  the  other  hand, 
such  a  slope  as  that  on  the  Ness  proves  a  great  barrier 
to  its  extended  improvement  as  a  tidal  river ;  for  it  is 
obvious  that  to  obtain  on  that  river  a  slope  sufficiently 
gentle  for  easy  navigation,  it  would  be  necessary  to  lower 
its  bed  to  so  great  an  extent,  and  to  execute  works  of 
such  magnitude,  as  to  render  it  inexpedient  to  entertain 
such  a  project. 

The  few  instances  I  have  given  will  suffice  to  illustrate 
those  cases,  happily  not  very  numerous,  which  do  not 
come  within  the  range  of  what  I  may  term  improvable 
rivers,  for,  in  either  of  the  cases  I  have  named,  works  of 
a  magnitude  wholly  disproportionate  to  the  benefit  to 
be  derived  would  be  requisite  in  order  to  remove  the 
obstacle  which  nature  has  opposed  to  the  existence  of  a 
navigable  tidal  channel. 


CHAPTER    XL 

WORKS  FOR  ACCOMilODATION  OF  VESSELS, 

Docks — Tide-basins — Groynes — River   quays  ;    examples  of  those   at   Belfast, 
Londonderry,  and  the  Clyde. 

The  works  I  have  already  described  are  for  facili- 
tating the  ingress  and  egress  of  vessels.  In  addition  to 
this,  it  is  necessary  to  provide  for  their  accommodation. 
For  this  purpose  it  is  deskable,  where  the  currents  are 
strong,  to  afford  them  some  protection  against  heavy 
floods  accompanied  by  ice,  which  are  often  veiy  destruc- 
tive to  shipping. 

On  a  large  scale  this  protection  is  afforded  by  docks  Docks, 
entered  by  tide  locks,  and  constructed  in  all  respects  like 
the  wet  docks  in  any  of  our  seaports,  and  they  may 
therefore  be  held  to  be  a  class  of  works  common  to  aU 
harbours,  and  not  specially  connected  with  tidal  rivers. 
There  are  some  works,  however,  that  are  essentially  river 
works,  and  these  it  is  necessary  shortly  to  notice. 

Among  them  are  what  are  termed  tide-basins,  which  Tide-basina. 
are  ai-tificial  cuts  retiring  from  the  stream,  having  their 
sides  bounded  by  quays  or  wharves,  into  which  vessels 
may  be  withdrawn  and  sheltered  from  the  current,  but 
where  they  are  still  liable  to  take  the  ground  at  low  water. 
The  Kingston  dock  at  Glasgow  is  a  tidal  basin  of  this 
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Groynes. 


River  quays. 


kind,  being  in  fact  a  dock  without  locks  or  gates.  But 
it  is  sometimes  desirable  on  a  smaller  scale  to  protect  the 
berthage  of  quays  along  rivers  from  currents  or  accumu- 
lations of  gravel.  This  was  done  at  Inverness  by  a 
weir  or  groyne  of  timber- work,  which  is  shown  in  eleva- 
tion and  cross-section,  fig.  53.     It  extends  in  front  of 
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Fig.  53. 

the  quays,  and  prevents  the  current  of  the  river  in  floods 
from  shoaling  the  berthage  by  heaping  up  gravel.  I  have 
seen  a  protection  on  a  very  large  scale  at  Albany,  on  the 
Hudson,  where  the  vessels  navigating  that  river,  and 
trading  with  the  Erie  Canal,  are  accommodated  in  a  large 
basin  of  thirty-two  acres.  This  basin  is  sepai-ated  from 
the  current  of  the  Hudson,  and  the  ice  it  sometimes  brings 
down,  by  a  longitudinal  mole  or  pier  of  about  three- 
quarters  of  a  mile  in  length,  left  partially  open  for  scour 
at  the  upper  end,  and  connected  to  the  shore  by  draw- 
bridges. 

In  many  situations  where  cuiTents  are  not  very  strong, 
and  the  river  is  suflficiently  wide  to  admit  of  vessels  being 
moored  in  it,  as  at  the  Clyde,  or  the  Foyle  at  London- 
deny,   the    berthage   for  vessels    is   very   conveniently 
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aftbrded  by  forming  lines  of  quays  along  the  shore.  Such 
quays,  indeed,  constitute  an  important  part  of  all  har- 
bours which  are  formed  in  tidal  rivers  ;  and  in  illustration 
of  some  of  the  various  methods  of  construction  adopted  in 
such  cases,  I  may  give  the  following  cross-sections.  Fig. 
54  shows  the  timber  wharfage  constructed  by  Mr.  Smith 
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Fig.  54. 


at  Belfast,  which  is  composed  of  a  facing  of  timber- work 
secured  by  iron  ties  fixed  to  piles,  the  space  behind  the 
framework  being  filled  up  and  the  roadway  formed  at  the 
top.     Fig.  55  is  a  plan,  showing  the  positions  of  the  piles 
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and  ties.  Sometimes  a  similar  face-work  is  employed, 
backed  by  a  wall  of  concrete,  and  iron  plates  have  also 
been  used  for  the  facing  instead  of  planking.  Figs.  56 
and  57  are  a  section  and  elevation  of  the  quays  at  Lon- 
donderry^, designed  and  executed  by  Messrs.  D.  and  T. 
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Stevenson.     At  this  place  the  ground  is  very  soft,  and  in 
order,  as  much  as  possible,  to  reduce  the  weight,  the  front 


Fig.  56. 


Fig.  57. 


compartment  of  the  wharf  next  the  river  is  left  open. 
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Figs.  58  and  59,  again,  are  sections  of  the  stone  whiu'ves, 
constructed  from  a  design  by  Mr.  Walker  at  Glasgow, 
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under  the  superintendence  of  Mr.  Ure.  Fig.  58  is  the 
section  adapted  to  a  clay  bottom ;  and  fig.  59  is  that 
wliich  is  adopted  when  the  bottom  consists  of  sand.     In 
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Fig.  59. 

both  cases  the  depth  of  water  in  front  of  the  quays  is 
20  feet  at  low  water,  and  is  intended  to  accommodate 
merchant  vessels  of  the  largest  class. 

Concrete  is  now  generally  preferred  to  masonry,  the 
cope,  however,  being  made  of  granite  or  of  cast-iron,  but 
the  cross-section,  speaking  generally,  remains  much  the 
same. 

These  examples  of  wharfage  on  tidal  rivers  will  serve 
to  show  the  structures  designed  by  different  engineers 
as  applicable  to  situations  where  the  foundation  is  hard 
or  soft. 


CHAPTER   XII. 
"sea-proper"  compartment  of  rivers. 

Bars  ;  theories  to  account  for  the  formation  of— Origin  of  bars,  as  illustrated  by 
the  Dornoch  Firth;  Castelli'a  theory  of  the  formation  of  bars;  conditions 
under  which  bars  are  formed — Earless  rivers — Bar  at  Cochin — Depth  over 
bars  due  to  scour — Comparison  of  river  and  tidal  water  in  estuaries — Back- 
water ;  its  importance  for  scouring ;  different  aspects  under  which  backwater 
may  be  viewed,  as  illustrated  by  Hartlepool  slake,  Montrose  basin,  and 
"Wallasey  Pool — Level  at  which  backwater  is  abstracted — General  proiKwi- 
tions  regarding  backwater — LoM'er  parts  of  estuaries,  such  as  the  Mersey, 
etc.,  cannot  be  improved  unless  at  great  cost — Bars  of  such  rivers  as  the 
Tyne  and  Wear  may  be  improved  by  protecting  piers — Bar  of  the  Mississippi 
— Bar  of  the  Danube ;  its  cause,  and  works  for  its  improvement — Hard 
bars — Groynes. 

Many  of  the  works  described  in  Chapter  VIII.,  such 
as  training-walls  and  dredging,  are  not  more  appUcable 
to  the  "tidal"  than  to  the  " sea-proper "  compartment, 
the  distingxdshing  features  of  which  are  the  phenomena 
attending  the  flow  of  rivers  or  bodies  of  tidal  water  into 
the  sea. 
Bars.  In  some  instances,  such,  for  example,  as  the  Forth, 

the  junction  of  the  estuary  with  the  sea  occurs  without 
occasioning  any  very  perceptible  or  marked  disturbance 
of  the  currents  or  change  on  the  bed  of  the  channel,  so 
that  a  ship  may,  at  any  time  of  tide,  run  without  check 
or  hindrance  from  the  Isle  of  May  to  St.  Margaret's 
Hope.      But  in  this  respect  the  Forth  is  exceptional. 
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The  entrances  to  almost  all  rivers,  British  and  foreign, 
are  interrupted  by  what  is  termed  a  "  bar."  Its  origin  is, 
indeed,  not  always  to  be  traced  to  the  same  cause,  but 
the  Mersey  and  the  Tay,  as  well  as  the  gigantic  Nile  and 
Mississippi,  have  the  same  troublesome  feature,  which  is 
not  only  very  hurtful  to  navigation,  but  is  perhaps  the 
most  difficult  subject  with  which  the  marine  engineer  has 
to  grapple. 

A  "  bar,"  in  nautical  language,  is  the  name  applied  to 
the  shallowest  part  of  the  navigable  channel  through  the 
sand-banks  which  generally  collect  at  the  mouths  of 
estuaries.     It   may  perhaps  best  be   explained  by  an 
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illustration.  Fig.  60  is  a  diagram,  on  which  the  dotted 
line  shows  the  fairway  or  deepest  channel  through  the 
sand-banks.  It  will  be  seen  that  the  place  marked  **  the 
bar "  lies  at  a  considerable  distance  from  the  shore,  and 
has  extensive  sand-banks,  drying  at  low^  but  covered  at 
high,  water,  as  well  as  submerged  sand-banks  which  never 
dry,  on  either  side  of  it.    Fig.  61  is  a  longitudinal  section 
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made  on  the  dotted  line,  and  represents  the  depth  of 
water  on  an  enlarged  scale.     From  this  it  will  be  under- 
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Fig.  61. 

stood  that  the  bar  is  the  shallowest  part  of  the  best 
channel,  there  being  deep  water  both  landward  and  sea- 
ward of  it.  What  is  termed  "the  bar,"  therefore,  is  not 
the  sand-bank  that  dries  at  low  water,  but  those  con- 
stantly  submerged  banks  which  have  a  channel,  subject  to 
variations  in  position  and  depth,  passing  through  them. 

The  bar,  then,  regulates  the  navigable  depth,  and  no 
passage  over  it  can  be  obtained  until  the  tide  has  risen 
sufficiently  high  to  enable  vessels  to  cross  it ;  and  it  is 
more  or  less  marked  and  decided  according  to  certain 
conditions  to  be  afterwards  explained.  We  accordingly 
find  great  variety  in  the  depth  of  water.     For  example, 

The  bar  of  the  Mersey  has  a  depth  of  from  9  to  10  feet  at  low  water.' 
Tyne  „  6  to    7 

„  "Wear  „  3  to    4  „ 

Tay  „  16  to  18 

Dee  „  10  to  12 

W.  Pass,  15 

Pass,         7^  „ 

„  Danube  „  8  to  10  „ 

„  Tees  „  3  to    4  „ 

And  while  these  limited  depths  exist  on  the   bai', 

'  It  must  be  understood  that  these  depths  are  the  original  depths,  and  not 
the  present  depths  now  attained  by  dredging,  etc.  The  improved  depths  are  :  — 
Tyne,  20  feet;  Mississippi  (S.  Pass),  26  feet ;  Danube,  20 (  feet ;  Tees,  174  feet. 


Mississippi  -< 
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there  is  in  most  cases  ample  depth  within  or  landward 
for  vessels  of  the  lai'gest  class  to  lie  afloat  at  all  times 
of  tide.  At  the  Dee,  for  example,  the  celebrated  anchor- 
age of  "  Mostyn  Deep  "  affords  depth  and  area  for  an 
immense  fleet  of  ships. 

Many  theories  have  been  propounded  to  account  for  Theories  to 

account  for  the 

the  phenomenon  of  the  "  bar."     What  may  perhaps  be  formation  of 

Bars. 

termed  the  most  favourite  theory  is,  that  bars  are  com- 
posed of  materials  held  in  suspension  by  the  river  water, 
brought  down  by  it,  and  deposited  so  soon  as  its  current 
is  checked  by  meeting  the  water  of  the  ocean.  This  idea 
will  be  found  stated  by  various  authorities,  as  expressed 
in  the  following  quotations  : — 

"When  the  flood  matters  meet  the  incoming  tide, 
there  must  necessarily  be  a  deposit." 

"  The  position  of  a  bar  is  at  the  point  where  the 
opposing  forces  meet  or  balance.  The  material  held  in 
suspension  by  water,  travelling  at  a  certain  velocity,  falls 
to  the  bottom  and  forms  a  deposit  where  that  velocity  is 
checked." 

"  The  incoming  tide,  when  it  meets  the  water  dis- 
charged by  the  river,  checks  the  velocity  of  this  water 
and  so  causes  a  deposit,  which  forms  the  bar." 

Many  other  similar  quotations  could  be  given.  But 
this  theory,  at  all  events  as  regards  "sea  bars,"  of  which 
we  are  now  treating,  is  disproved  by  such  a  case  as 
the  Dornoch  Firth.  The  bar  at  that  place  occurs  at  a 
point  14  miles  seaward  of  the  point  at  which  the  river 
enters  the  sea,  as  will  be  seen  in  Plate  IV.  The  idea  that 
sand-banks  of  such  magnitude  as  those  at  the  Dornoch 
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Firth  could  be  formed  by  the  detritus  brought  down  by 
the  small  rivers  Oykell  and  Cassley,  which  flow  into  the 
upper  end  of  the  firth,  is  wholly  untenable,  and  is  indeed 
contradicted  by  the  fact  that  the  bar  and  adjoining  banks 
nre  composed  of  pure  sand,  and  not  of  alluvial  matter 
deposited  by  the  river,  as  will  afterwards  be  more  fully 
alluded  to. 

Another  theory  attributes  bars  to  the  want  of  suffi- 
cient scouring  power ;  but  this  as  an  abstract  statement 
is  unwarranted  when  we  find  bars  existing  at  the  mouths 
of  such  rivers  as  the  Mississippi. 

Another  theory  attributes  the  absence  of  a  bar  to 
"  the  presence  of  a  nearly  equal  duration  of  the  period 
of  ebb  and  flow  in  the  lower  reach  of  the  river,  accom- 
panied by  an  extremely  gentle  inclination  of  its  surface 
at  low  water.  "^  To  refer  again  to  the  Dornoch  Firth  :  we 
have  an  equal  duration  of  the  ebb  and  flow  throughout 
the  firth,  and  the  level  of  low  water  practically  the  same  ; 
and  yet  there  exists  as  perfect  a  specimen  of  a  bar  at  the 
mouth  of  the  firth  as  can  possibly  be  imagined.  We  can- 
not, therefore,  in  endeavouring  to  account  for  the  exist- 
ence of  bars,  or  the  exemption  from  them,  accept  any  of 
these  explanations. 
Origin  of  Bars.  Siuce  1842,  when  I  had  occasion  to  bestow  much 
attention  on  the  subject,  I  have  never  had  any  difficulty 
in  tracing  the  accumulations  which  give  rise  to  all  such 
bars  as  those  of  the  Mersey,  the  Kibble,  the  Tyne,  the 
Dornoch,  or  the  Tay,  subject  to  the  conditions  hereafter 
stated,  solely  to  the  action  of  the  sea.    The  waves,  as  is 

1   Treatise  on  the  Improvement  of  the  Navigation  of  Riven,  by  W.  A.  Brooks. 
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well  known,  throw  up  a  girdle  of  light  or  heavy  material, 
varying,  with  the  exposure,  from  sand  to  boulders,  round 
every  bay  and  headland  of  our  coast ;  and  the  entrances 
to  rivers  form  no  exception.  The  effect  of  this  constant 
action  of  the  sea  is  to  form  a  continuous  line  of  beach 
across  the  mouths  of  all  our  tidal  rivers  and  inlets ;  and 
such  a  beach  would  very  soon  be  made,  did  not  the  flow 
of  the  tidal  currents,  passing  up  and  down  the  river, 
maintain  an  open  channel  through  it.  In  this  way  the 
waves  of  the  sea  on  the  one  hand,  and  the  currents  on  the 
other,  produce  the  well-known  feature  of  a  tide-covered 
beach  extending  from  the  shores  of  our  inlets,  with  sub- 
merged sand-banks,  having  a  channel  through  them 
termed  the  "bar." 

This  explanation  is  given  in  a  report  made  in  1842,^  in 
which  it  was  necessary  to  investigate  the  cause  of  the 
"bar"  at  the  Dornoch  Firth,  from  which  the  following  is 
an  extract : — 

"This  bar  is  an  accumulation  of  hardish  sand-banks,  Bar  at  Dornoch 
through  which  there  is  a  navigable  fairway  of  not  less 
than  9  feet  at  low,  and  22 J  feet  at  high  water  of  ordinary 
spring-tides.  It  appears  to  be  retained  in  its  present 
state  by  a  combination  of  agents.  The  heavy  swells  from 
the  German  Ocean,  with  which  the  coast  is  visited,  have 
a  tendency  to  heap  up  the  sand  from  the  adjoining  shores ; 

^  M.  ^ie  de  Beaamont  has  been  given  the  credit  of  having  first  suggested 
the  true  theory  of  sea  or  marine  bars  (see  M.  Surell's  M&moire  sur  V Amelioration 
den  Embouchures  du  Ithdne,  1847,  and  M.  Gu^rard  on  the  Mouth  of  the  River  Rhone, 
Minutes  of  Proceedings  of  Institute  of  CivU  Engineers,  1885,  vol.  82,  p.  319).  We 
are  indebted  to  M.  Ga4rard  for  his  kindness  in  investigating  the  subject.  M. 
Elie  de  Beaumont  first  published  his  views  in  his  Lemons  de  Oeologie  Practique 
in  1845. 
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but  this  tendency  is,  to  a  certain  extent,  counteracted  by 
the  tidal  and  fresh- water  currents  of  the  firth,  and  the 
result  of  their  joint  action  is  the  bar — a  bank,  or  series 
of  banks,  of  considerable  extent,  permanently  under 
water,  through  which  there  is  a  deeper  passage  or  fair- 
way, whose  depth  of  water  is  believed  to  remain  pretty 
much  the  same,  although  its  direction  occasionally 
changes." 
eastern's  theory        But  I  camiot  altogether  claim  to  be  the  author  of  this 

of  the  formatioQ 

of  Bars.  explanation  of  the  origin  of  bars,  as  I  afterwards  dis- 

covered that  a  suggestion  in  some  respects  the  same  had 
been  given  about  two  centuries  ago  by  the  Abbot  Castelli, 
who  wrote  as  follows  •} — "  As  to  the  other  point  of  the 
great  stoppage  of  ports,  I  hold  that  all  proceedeth  from 
the  violence  of  the  sea,  which  being  sometimes  disturbed 
by  winds,  especially  at  the  time  of  the  waters  flowing, 
doth  continually  raise  from  its  bottom  immense  heaps  of 
sand,  carrying  them  by  the  tide  and  force  of  the  waves 
into  the  lake;  it  not  having  on  its  part  any  strength 
of  current  that  may  rise  and  carry  them  away,  they  sink 
to  the  bottom,  and  so  choke  up  the  ports.  And  that 
this  effect  happeneth  in  this  manner,  we  have  most 
frequent  experience  thereof  along  the  sea-coasts  ;  and  I 
have  observed  in  Tuscany,  on  the  Roman  shores,  and  in 
the  kingdom  of  Naples,  that  when  a  river  falleth  into  the 
sea  there  is  always  seen  in  the  sea  itself,  at  the  place 
of  the  river's  outlet,  the  resemblance,  as  it  were,  of  a 
half-moon,  or  a  great  shelf  of  settled  sand  under  water, 

*  The  Mensuration  qf  Running  ]yaters.  By  Don  Benedetto  Castelli,  Abbot 
of  St.  Benedetto  Aloysio,  and  Professor  of  the  Mathematics  to  Pope  Urban  VIII. 
in  Rome  ;  translated  by  Thomas  Salnsbury,  Esq.,  London,  1G6L 
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much  higher  than  the  rest  of  the  shore,  and  it  is  called  in 
Tuscany  il  cavallo,  and  here  in  Venice,  lo  seanto ;  the 
which  cometh  to  be  cut  by  the  current  of  the  river,  one 
while  on  the  right  side,  another  while  on  the  left,  and 
sometimes  in  the  midst,  according  as  the  wind  fits.  And 
a  like  effect  I  have  observed  in  certain  little  riUets  of 
water  along  the  Lake  of  Bolsena,  with  no  other  difference 
save  that  of  small  and  great." 

Had  the  Abbot  ended  his  statement  here,  it  would 
have  been  identical  with  that  I  have  suggested,  but  he 
goes  on  to  say  :  "  Now  whoso  well  considereth  this  effect 
plainly  seeth  that  it  proceeds  from  no  other  than  from 
the  contrariety  of  the  stream  of  the  river  to  the  impetus 
of  the  sea-waves ;  seeing  that  great  abundance  of  sand, 
which  the  sea  continually  throws  upon  the  shore,  cometh 
to  be  dnven  into  the  sea  by  the  stream  of  the  river,  and  in 
that  place  where  these  two  impedirtients  meet  with  equal 
force,  the  sand  settleth  under  water,  and  thereupon  is 
made  that  same  shelf  or  cavallo ;  the  which,  if  the  river 
carry  water,  and  that  any  considerable  store  of  it  shall  be 
thereby  cut  and  broken,  one  while  in  one  place,  and  the 
other  while  in  another,  as  hath  been  said,  according  as 
the  wind  blows ;  and  through  that  channel  it  is  that 
vessels  fall  down  into  the  sea,  and  again  make  to  the 
river  as  into  a  port." 

The  words  which  I  have  italicised  speak  of  sand 
*'  driven  into  the  sea  by  the  stream  of  the  river,"  and  of 
the  place  where  the  sea  and  the  river  meet  with  "  equal 
force,"  causing  the  sand  "  to  settle,"  and  are  at  variance 
with  the  suggestion  I  have  proposed.     In  the  cases  to 
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Conditions 
under  which 
sand-bars  are 
formed. 


which  my  explanation  refers  there  is  no  settlement  on 
the  bar  of  sand,  or  other  material  carried  down  by  the 
river.  Neither  is  it  necessary  to  the  formation  of  a  bar 
that  there  should  be  "a  place  where  the  river  and  sea 
meet  with  equal  force,"  so  as  to  cause  sand  held  in 
suspension  to  settle.  For,  according  to  my  explanation, 
a  sea-bar  would  be  formed  although  the  outgoing  current 
held  not  one  particle  of  matter  in  suspension,  its  only  effect 
being  to  scour  away  what  the  waves  have  thrown  up. 

After  having  given  much  attention  to  the  subject  of 
the  sand-bars  which  encumber  most  of  the  tidal  harbours 
of  the  shores  of  Britain,  I  proposed,  in  the  Encyclopcedia 
Britannica,  the  following  as  the  conditions  under  which 
aU  such  accumulations  are  formed  : — 

1st,  The  presence  of  sand  or  shingle,  or  other  easily 
moved  material ; 

2d,  Water  of  a  depth  so  limited  that  the  waves  dnnng 
storms  may  a^t  on  the  bottom ;  and 

3d,  Such  an  exposure  a^  shall  allow  of  waves  being 
generated  of  sufficient  size  to  operate  on  the  submerged 
materials. 

In  confirmation  of  this  opinion,  I  may  once  more  refer 
to  the  Dornoch  Firth.  The  Oykell,  as  has  been  shown  in 
Chapter  III.,  joins  it  at  a  point  about  a  mile  below  Bonar 
Bridge,  but  we  find  no  indication  of  what  may  be  termed 
a  bar  throughout  the  whole  of  the  sheltered  part  of  the 
firth,  which  extends  for  12  miles  seaward  of  that  point, 
until  we  reach  the  outer  portion,  where,  open  to  the 
whole  fetch  of  the  Moray  Firth,  there  are  generated 
waves  of  sufficient  size  to  act  on  the  materials  of  which 
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the  bottom  is  composed,  and  we  find  an  extensive  sand- 
bank, forming,  as  it  were,  a  continuation  of  the  shore  on 
either  side,  and  stretching  quite  across  the  mouth  of  the 
firth,  with  the  bar  in  the  centre  of  it. 

The  same  reasoning  may  explain  why,  in  such  a  case  Bariess  rivers, 
as  the  Firth  of  Forth,  for  example,  no  bar  exists.  The 
Firth  of  Forth  is  an  inlet  or  arm  of  the  sea  of  great  width 
and  depth ;  the  seas  entering  it  do  not  act  on  the  bottom 
so  as  to  disturb  and  heap  up  the  material  of  which  it  is 
composed,  in  the  same  manner  as  in  a  shallow  sea.  This 
great  natural  depth  continues  as  the  Forth  gradually 
contracts;  and  before  the  necessary  conditions  for  the 
formation  of  a  bar  occur,  namely,  shallow  water  and 
presence  of  sand  or  other  easily  moved  material,  the 
sea  is  so  land-locked  that  waves  of  sufficient  size  to 
produce  the  necessary  effect  cannot  be  generated.  There 
is,  in  fact,  in  the  Forth  that  gradual  diminution  of  depth 
and  increase  of  shelter  ivhich  combine  to  produce  the 
phenomenon  of  a  river  without  a  bar. 

It  is  very  interesting  to  know  that  Mr.  George  Bar  at  cochin. 
Robertson,  in  his  survey  of  Indian  harbours,^  found  that 
at  Cochin  the  removal  of  certain  projecting  spits  of  sand 
which  protected  the  bar  had  sensibly  reduced  the  depth 
of  water,  as  ascertained  by  actual  survey,  thus  affording, 
by  the  operation  of  changes  wrought  by  nature,  a  striking 
proof  of  the  soundness  of  the  condition  which  I  have 
specified  as  being  necessary  to  the  formation  of  a  bar. 
Reporting  on  Cochin,  he  says :  "  Were  the  current  kept 

*  Reports  to   the  Government  of   India  on    Indian   Harbours,   by  George 
Robertson,  Civil  Engineer,  1871. 
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together  till  it  got  into  such  a  depth  of  water  that 
the  action  of  the  waves  was  not  sufficiently  powerful 
to  stir  up  the  bottom,  there  would  be  no  decided  bar. 
The  same  result  would  happen  were  the  current  to 
discharge  under  shelter  from  the  waves ;  as,  for  instance, 
in  a  land-locked  estuary.  In  the  survey  of  1835,  when 
the  current  was  kept  longer  together  by  more  pro- 
jecting/awces  terrce,  and  by  hard  sand-banks,  which  pre- 
vented the  stream  from  spreading,  there  were  16  to  17 
feet  on  the  bar.  Since  then  the  fauces  terrce  have  been 
gradually  eaten  away  by  encroachments  of  the  sea ;  and 
the  survey  of  1852  shows  that  a  bar  w£is  beginning  to 
form  with  only  13  feet  on  it.  In  1858  the  bar  had  com- 
pletely formed,  but  was  very  narrow.  These  surveys 
illustrate  the  true  theory  of  the  formation  of  bars  at 
river- mouths  more  beautifully  than  any  set  of  surveys 
with  which  I  am  acquainted ;  for  it  seldom  happens  that 
the  fauces  terrce  of  a  river  are  so  much  eaten  away,  and 
the  results  of  their  diminution  so  plain." 
Bars  shallowest        A  stroug  argument  in  favoui'  of  the  explanation  I 

after  heaviest 

seas.  have  proposed  is  to  be  found  in  the  fact  that  these  bars 

are  invariably  in  their  shallowest  state  after  heavy  seas. 
This  view  is  also  borne  out  by  the  material  of  which  they 
are  composed.  I  have  examined  with  care  the  deposit 
at  the  mouths  of  many  such  estuaries,  and  I  have  in- 
variably found  that  the  bar  and  outer  banks  consisted  of 
coarse-grained  sand,  without  a  particle  of  alluvial  matter, 
which,  as  I  shall  have  occasion  afterwards  to  notice,  is 
confined  to  the  inner  bed  and  banks  of  the  river. 

Indeed,  when  it  is  kept  in  view  that  the  river  water 
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floats  on  the  heavier  salt  water  of  the  sea,  and  that  the 
current  on  the  bar  is  invariably  stronger  than  on  the 
shallow  sand-banks  on  either  side,  it  is  impossible  that 
the  light  matters  held  in  suspension  by  the  river  can 
**  settle  down"  or  "deposit"  on  the  bar.  On  the  con- 
trary, they  are  swept  out  by  the  rapid  ebb  current,  and, 
as  has  been  already  mentioned,  can  often  be  traced  for  a 
considerable  distance  out  to  sea. 

In  1852  Mr.  Meik  made  a  series  of  very  interesting  Experiments 

at  the  Wear. 

experiments  at  the  mouth  of  the  Wear,  to  ascertain 
whence  the  material  dredged  from  and  deposited  on  the 
bar  had  been  brought.  The  dredgings  consisted  of  sharp, 
gritty  sand,  brickbats,  chalk,  flints,  pebbles,  and  marly 
rock  materials,  precisely  of  the  same  character  as  had 
been  deposited  on  the  beach  adjoining  the  entrance  to  the 
harbour.  In  order  to  test  this,  a  number  of  small  billets 
of  wood  loaded  with  lead  were  deposited  at  various 
points,  and  these  were  gradually  moved  by  the  action  of 
the  waves  towards  the  harbour's  mouth,  and  Mr.  Meik 
states  that  there  is  only  one  inference  to  be  drawn  from 
the  experiment,  and  that  is,  "  that  by  the  agency  of  the 
flood-tide,  ballast  and  other  material  has  been  swept  from 
the  east  foreshore  of  the  south  dock  to  the  harbour 
mouth,  and  there  settled  in  the  deep  water  channel,  to 
the  prejudice  of  the  bar." 

In  open  bays,  in  extreme  exposures,  such,  for  example, 
as  Wick  in  Caithness,  no  indication  is  to  be  foimd  of  a 
sand-bank  across  its  mouth ;  the  Wolence  of  the  waves 
prevents  its  formation,  and  the  whole  bottom  of  the  bay 
becomes  a  submerged  beach. 


scour. 
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Depth  over  bars        From  what  has  been  said,  the  reader  will  at  once  see 

due  to  scour. 

that  the  depth  of  water  on  such  bars  as  are  caused  by 
the  waves  of  the  sea  is  due  to  the  scour  produced  by 
the  tidal  currents,  which  cross  them  four  times  in  every 
twenty-four  hours.  These  two  agents,  the  waves  and 
the  tidal  scour,  are  constantly  opposed  the  one  to  the 
other,  and  the  general  principle  which  should  guide  the 
engineer  in  all  designs  for  increasing,  or  even  maintaining, 
the  depth  upon  sea-bars,  is  the  preservation  of  a  suffi- 
cient amount  of  tidal  water  to  counteract  the  tendency  of 
the  sea  to  heap  up  detritus  at  the  mouths  of  our  harbours, 
i^esh-water  That  the  beds  of  the  upper  parts  of  rivers  are  scoured, 

and  their  depth  maintained  by  the  flow  of  the  fresh- 
water stream,  is  not  to  be  questioned  ;  and  it  is  also 
beyond  doubt,  that  in  many  situations  the  upper  portions 
of  the  tidal  compartments  of  rivers  are  kept  open  in  a 
great  measure  by  the  fresh-ivater  stream. 

An  interesting  result  of  eight  years'  observations  made 
at  the  Dee  was,  that  the  navigation  between  Chester  and 
Connah's  Quay,  on  the  whole,  was  deepest  in  February 
after  the  winter  floods,  and  shallowest  in  September  and 
October,  which  accords  pretty  much  with  my  experience 
of  similar  rivers,  and  will,  I  believe,  be  found  to  be  of 
general  application  to  all  British  rivers. 

But  it  seems  to  me  to  be  no  less  certain  that  the 
opinions  which  would  assign  the  depth  of  water  in  the 
lower  parts  of  tidal  rivers,  and  also  through  estuaries,  to 
any  other  cause  than  the  action  of  tidaP  water  as  the 

^  This  "  tidal  water"  must  not  be  supposed  to  be  necessarily  saUne.     In  the 
opper  parts  of  estuaries,  although  the  water  is  perfectly  fresh,  the  water  is  none 
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chief  agent,  are  eiToneous.  In  proof  of  this,  I  think  I 
have  only  to  refer  to  some  of  the  investigations  which 
have  from  time  to  time  been  made  to  ascertain  the 
amount  of  the  river  or  fresh  water,  as  compared  with 
the  volume  of  the  tidal  water  of  some  of  our  firths  and 
estuaries. 

By  means  of  a  series   of  careful   observations  and  ck)mpari8on  of 

river  and  tidal 

measurements  made  at  the  Cromarty  Firth  in  1837,  to  water  in 

estuaries. 

which  reference  has  already  been  made,  Mr.  Alan  Stevenson 
found  that  the  river  Conon,  when  highly  flooded  (a  state 
of  matters  which  of  course  occurs  only  occasionally),  dis- 
charges during  twelve  hours  a  quantity  which  is  only  equal 
to  ^th  part  of  the  water  which  passes  out  of  the  firth  at 
every  ordinary  spring-tide,  and  T^th  of  that  which  passes 
out  at  neap-tides.  In  its  summer- water  state,  the  produce 
of  the  river  is  reduced  to  xsVt  ^^  ^^®  discharge  of  the 
firth  in  spring,  and  ly^^  of  the  discharge  in  neap-tides ;  a 
quantity  too  small  to  afiect  appreciably  either  the  velocity 
of  the  currents  of  the  firth  or  their  scouring  power.     It 

the  less  tidaL  In  the  case  of  the  Forth,  for  instance,  the  river,  although  nearly- 
fresh  at  Alloa,  is  tidal  for  more  than  1 1  miles  above  this.  The  gradual  change 
from  fresh  to  salt  may  be  seen  from  the  author's  observations  at  the  Dornoch 
Firth  in  1842,  on  the  specific  gravity  of  the  water.  The  average  of  the  densities 
at  high  and  low  water  is  as  follows  : — 

Average  density  of  specimens  from  Portmahomac  {see  Plate  IV.),     1025"37 
„  „  from  Bar  of  the  Firth,         .  .     1025-5 

„  „  in  navigable  fairway  off  Dornoch    1     i  noc  a 

(44  miles  within  the  bar),         ) 
„  „  off  Tain  (6  mUes  within  the  bar),    .     1022-8 

„  „  offArdnacalk,         .  .     10230 

„  „  off  Meikle  Ferry,     .  ,  .     1020*8 

„  „  in  Bay  above  Ardmore,  1017-7 

„  off  Dune  of  Creich,  1009  47 

„  „  off  Creich  Church,  .     10095 

,,  „  between  Quarry  and  Bonar  Bridge,     1004-95 

„  „  at  Bonar  Bridge,     .  100455 

Density  of  water  at  Kyle,  .....     1001 '0 
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has  often  been  argued,  that  in  situations  where  the  velo- 
city of  the  ebb  exceeds  that  of  the  flood-tide,  the  excess 
is  due  to  the  increased  quantity  of  water  passing  out  with 
the  ebb,  the  volume  of  the  ebbing  waters  being  assumed 
to  be  augmented  by  the  amount  discharged  by  the  river. 
But  this  is  wholly  disproved  in  the  case  of  the  Cromarty 
Firth ;  for  while  the  increased  quantity  due  to  the  river 
is  seen  to  be  only  from  y^  to  xsVt'  ^^®  average  velocity 
of  the  flood-tide  at  that  place  was  found  to  be  2*9  miles 
per  hour,  while  that  of  the  ebb  was  3*6 ;  an  increase  which 
is  in  all  probability  due  to  some  action  of  the  under- 
currents which  have  been  stated  to  exist  there,  but  is 
assuredly  not  due  to  any  augmentation  of  water  from  the 
discharge  of  the  Conon.  The  Tay  presents  another 
example  of  the  disproportion  between  the  tidal  and  river 
waters.  That  river,  as  gauged  by  Mr.  Leslie  -when  in 
flood,  was  found,  including  the  Earn,  to  discharge  969,340 
cubic  feet  per  minute.  Mr.  Walker,  in  his  Report  to  the 
Trustees  of  Dundee  Harbour,  assumes  the  discharge  in 
round  numbers  at  one  million  cubic  feet  per  minute,  or 
240,000,000  during  four  hours,  and  arrives  at  the  follow- 
ing conclusion  : — "To  compare  the  above  with  the  effect 
of  the  tidal  water  at  Dundee,  I  assume  15,000  acres  as  the 
average  area  (above  Dundee)  of  the  reservoir  or  estuary 
during  the  first  four  hours  of  the  ebbing  tide,  and  the 
vertical  fall  of  tide  during  these  four  hours  to  be  11  feet. 
This  will  give  7,187,400,000  cubic  feet,  or  thirty  times 
the  240  millions  of  river  water.  To  compare  the  effect 
upon  the  heir,  the  area  of  the  river  between  Dundee  and 
the  bar  must  be  added ;  and  the  tidal  water  upon  the  bar 
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will  be  upwards  of  forty  times  the  river  water,"  and  this, 
it  should  have  been  added,  only  at  the  exceptional  times 
when  the  rivers  are  in  high  flood.  One  other  example 
may  be  given  to  show  the  disproportion  between  the  areas 
of  the  inner  and  outer  channels.  At  the  Dornoch  Firth 
the  high-water  area  of  the  channel,  at  Bonar  Bridge,  is 
459  square  yards ;  at  Meikleferry  it  is  9047,  and  opposite 
Whitness  Point  it  is  25,183  square  yards,  being  fifty-five 
times  greater  than  at  Bonar  Bridge. 

But  to  the  effect  of  the  sea- waves  to  collect,  and  vaiueof  "back- 

water"  or  tidal 

the  tidal  scour  to  remove  sand- banks,  may  be  traced  water. 
the  origin  of  a  very  important  question,  which  has 
occasioned  much  discussion  and  difference  of  opinion 
among  engineers,  and  may  be  stated  as  follows : — 
Within  the  bars  of  all  rivers  or  firths  there  is  a  certain 
expanse  or  area  over  which  there  flows  at  every  tide 
an  amount  of  tide-water  measured  by  the  extent  of 
the  area,  and  the  depth  to  which  it  is  overflowed.  The 
water  so  impounded  at  high-tide  is  what  is  called  "  back- 
water," a  term  due,  no  doubt,  to  its  passing  back  towards 
the  sea,  and  the  question  to  which  I  have  alluded  as 
having  so  much  engaged  the  attention  of  engineers  is,  how 
far  this  area  occupied  by  backwater  may  be  encroached 
on  by  works,  such  as  reclamations,  displacing  the  water, 
without  injuriously  affecting  the  scouring  power  on  the 
bar  and  lower  reaches  of  the  river.  At  first  sight  it  might 
seem  safe  to  pronounce  that  no  occupation  of  tide-covered 
space  can  be  made  without  prejudicially  affecting  the 
scoTir,  but  after  a  little  more  inquiry  we  shall  see  that 
this  is  not  strictly  the  case. 
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Different 
aspects  under 
which  back- 
water may  be 
viewed. 


Backwater  at 

Hartlepool 

Slake. 


Now  this  question  of  backwater  presents  itself  to  the 
engineer  in  very  different  aspects,  as  modified  by  the 
varying  physical  features  of  different  localities,  and  per- 
haps, in  treating  of  it,  I  shall  most  satisfactorily  illustrate 
its  bearing  on  navigation  by  referring  briefly  to  some  con- 
troverted cases  in  actual  practice,  which  were  argued 
wholly  on  the  question  as  to  whether,  in  consequence 
of  certain  works,  and  under  certain  physical  conditions, 
backwater  might  be  excluded  without  prejudicially  less- 
ening the  scouring  power.  The  cases  selected  illustrate, 
to  a  certain  extent  at  least,  the  different  aspects  under 
which  the  engineer  may  be  called  on  to  view  the  question, 
and  I  do  not  doubt  that  other  illustrations  will  occur  to 
other  engineers,  founded  on  their  own  experience. 

The  first  example  to  which  I  shall  refer  is  the  Tay, 
as  a  most  elaborate  report  was  made  on  a  proposed  recla- 
mation scheme  above  Dundee,  by  Mr.  James  Walker,  in 
1845,  a  portion  of  which  report  I  have  just  given.  An 
area  of  1800  acres,  extending  down  eight  miles  from 
Cairnie  on  the  north  bank  (see  Plate  XIV.),  was  pro- 
posed to  be  reclaimed,  and  Mr.  Walker,  after  entering 
most  fully  into  the  calculations,  says,  *'  The  question 
therefore  appears  to  resolve  itself  into  this — Would  taking 
away  one-twentieth  of  the  whole  quantity  of  water  that 
passes  through  the  channel  of  the  river  at  Dundee,  or 
one -thirtieth  of  the  whole  quantity  that  passes  through 
the  mouth  of  the  river  inside  the  bar,  be  a  practical 
injury  ?  I  have  no  hesitation  in  answering  these  ques- 
tions in  the  affirmative." 

Immediately  above  Hartlepool  harbour  again  there  is 
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a  tide-covered  area  of  173  acres,  called  the  "  Slake,"  com- 
municating ^vith  the  harbour  by  a  narrow  entrance.     The 
whole  of  the  water,  which  at  every  flood- tide  pours  into, 
and  at  every  ebb  flows  out  of,  this  vast  natural  basin, 
passes  over  and  scours  the  sea-entrance  into  the  harbour 
of  old  Hartlepool.     The  harbour  authorities  placed  gates 
across  the  entrance  to  the  Slake,  and,  in  order  to  render 
the  scour  more  efiective,  impounded  the  water  at  high- 
tide,  and  at  low  water  allowed  it  to  escape  through  large 
sluices  formed  in  the  gates  so  as  to  act  upon  the  harbour 
between  half-ebb  and  low  water,  at  which  period  the 
scour  is  found  to  be  most  efficacious.     A  proposal  was 
made  by  a  company  seeking  powers  under  an  Act  of  Par- 
liament to  enclose  a  portion  of  the  area  of  the  Slake,  and 
I  was   appointed   to   report   to   the   Admiiulty  on  the 
propriety  of  sanctioning  the  encroachment.     After  full 
inquiry  I  had  no  difficulty  in  advising  that  the  proposed 
encroachment  would  decrease  the  scouring  power,  because 
it  was  proved  in^  evidence  that  when  the  gates  were  left 
open  the  high- water  mark  in  the  Slake,  and  that  in  the 
outer  harbour  beyond  the  sluices,  attained  exactly  the 
same  level,  showing  that  the  basin  was  not  too  large  to 
contain  aU  the  water  that  could  be  supphed  by  the  flow- 
ing  tide,   and   therefore,  that  it  was  not  safe  for  the 
Harbour  Trustees  to  part  with  any  portion  of  the  tide- 
covered  area.     The  effect  of  closing  the  tide-gates  and 
permitting  the  Slake  to  be  filled  by  the  sluices  was  also 
stated  in  evidence,  and  the  result  is  interesting  and  im- 
portant.    It  appears  that  when  the  tidal  flow  into  the 
Slake  is  checked  by  shutting  the  gates,  and  the  only 

X 
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supply  is  made  to  pass  through  the  sluices,  their  water- 
way is  not  sufficient  to  fill  the  basin,  and  the  high-water 
level  does  not,  in  that  case,  reach  within  four  inches  of 
the  natural  tidal  range  outside,  so  that  a  quantity  of 
water,  amounting  to  upwards  of  90,000  cubic  yards,  is 
excluded  when  the  Slake  is  filled  through  the  sluices. 
Backwater  at  The  next  case  to  which  I  shall  refer  is  the  tidal  basin 

Basin.  at  Moutrosc,  which  will  be  found  to  present  a  totally 

different  tidal  action.  This  basin  has  an  area  of  1200 
acres,  and,  like  that  at  Hartlepool,  is  a  natiu'al  reservoir 
which  scours  the  sea- channel  of  the  harbour.  From 
careful  observations  made  by  Mr.  George  Buchanan,  it 
was  found  that  on  an  average  of  tides  the  high  water 
in  the  basin  is  upwards  of  9  inches  heloio  the  level  of  the 
high  water  outside,  indicating  that  the  flood-tide  does  not 
flow  sufliciently  long  to  fill  the  basin ;  and  from  this  fact 
it  was  assumed  that  a  proposed  embankment,  which  had 
the  effect  of  reducing  the  area  of  the  basin,  might  be 
sanctioned  without  injury  to  the  scour,  ^ls  the  only  result 
would  be  to  cause  the  water  displaced  by  the  embank- 
ment to  spread  itself  over  the  surface  of  the  basin,  slightly 
raising  its  level,  and  thus  compensating  for  the  portion 
abstracted.  With  reference  to  a  portion  of  the  water  this 
is  no  doubt  true,  but  it  would  not  be  safe  to  carry  this 
assumption  beyond  a  certain  limit,  for,  as  suggested  by 
Mr.  Buchanan,  though  the  level  of  the  water  in  the 
basin  be  raised  by  water  which  formerly  occupied  the 
space  enclosed  by  the  embankment,  it  must  not  be  over- 
looked that  the  velocity  of  the  current  flowing  into  the 
basin  will  be  reduced  in  proportion  to  the  reduction  of 
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head  between  the  surfaces  of  the  water  ivithin  and  without 
the  basin. 

Hartlepool  and  Montrose  are  basins  into  which,  as  I  Backwater  at 

Wallasey  Pool. 

have  explained,  the  sea  ebbs  and  flows ;  but  there  are 
other  cases  connected  with  tidal  rivers  in  which  the 
"backwater"  question  forms  an  important  element:  for 
example,  Birkenhead  Dock  on  the  Mersey.  The  scheme 
for  that  work,  designed  by  the  late  Mr.  J.  M.  Rendel, 
contemplated  a  displacement  of  3,750,000  cubic  yards  of 
tide-water  from  Wallasey  Pool  opposite  Liverpool,  cover- 
ing an  area  of  nearly  300  acres.  This  was  opposed  by  the 
Liverpool  Dock  Conmiission  on  the  alleged  injury  that 
the  abstraction  of  so  much  water  would  produce  on  the 
bar.  The  promoters  of  the  Wallasey  Pool  scheme  con- 
tended that  no  abstraction  of  water  would  take  place  in 
consequence  of  the  wall  they  proposed  to  erect  across  the 
mouth  of  Wallasey  Pool,  and  averred  that  the  water 
which  formerly  flowed  into  the  pool  would,  after  the 
erection  of  the  wall,  flow  into  the  upper  part  of  the  river, 
and  be  as  effective  as  ever  in  scouring  the  bar.  This 
averment  was  based  on  the  result  of  tidal  observations 
which  showed  that  the  wide  expanse  caused  by  Wallase 
Pool  produced  a  decrease  in  the  velocity  of  the  tidal 
currents,  and  a  depression  in  the  level  of  the  water 
opposite  the  Pool.  The  observations  also  showed  that, 
notwithstanding  the  disturbance  of  tidal  flow  caused  by 
Wallasey  Pool,  the  water  moved  up  the  estuary  with  a 
momentum  which  raised  the  level  of  high  water  at  all  the 
stations  in  the  upper  part  of  the  river.  Thus  taking  the 
level  of  high  water  at   Princes  Basin,    nearly  opposite 
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Wallasey,  as  zero,  the  means  of  the  heights  of  spring  and 
neap  tides  at  different  points  were  as  follows  : — 


Height  at  Springs.     Height  at  Neiqw. 


Above  zero. 

Above  zero. 

Princes  Basin,    . 

Ft.    In. 

0     0 

Ft.    In. 
0      0 

Ellesmere  Port,  . 

1    1 

0       8 

Kuncorn,     .... 

1    1 

0    11 

Fidlers-ferry, 

1     8 

0    10 

Warrington, 

2     3 

1       6 

It  further  appeared  from  calculation  that  the  raising 
of  the  level  of  that  part  of  the  estuary  which  lies  above 
Wallasey  Pool  to  the  extent  of  1*14  inch  would  give  an 
amount  of  water  equal  to  the  whole  quantity  displaced  by 
the  closing  of  the  pool.  After  considering  all  the  data 
adduced,  I  came  to  the  conclusion  arrived  at  by  Mr. 
Rendel  and  the  other  engineers  who  supported  the  Bill, 
that  the  wall,  if  built  in  the  line  proposed,  would  regulate 
the  current,  restore  the  lost  momentum  opposite  to  the 
Pool,  and  cause  more  water  to  pass  into  the  upper  reaches 
of  the  river,  and  that  on  the  whole  the  scour  on  the  bar 
would  not  be  appreciably  affected.  After  a  contention  of 
twenty-four  days  before  Committees  of  both  Houses  of 
Parliament  in  1844,  the  Bill  was  passed,  and  the  wall 
made,  and  Mr.  Lyster,  the  present  engineer  to  the  Liver- 
pool Dock  Commission,  says — "The  abstraction  of  water 
by  the  construction  of  the  Birkenhead  Docks  had  had 
no  effect  upon  the  bar  of  the  Mersey,  although  at  one 
time  it  was  thought  that  the  loss  of  so  considemble  an 
amount  of  water  as  that  from  Wallasey  Creek  would 
affect  the  condition  of  the  entrance  channels  to  the  river, 
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but  the  depth  over  the  bar  remained  the  same  as  it  was 
fourteen  or  fifteen  years  ago."^ 

In  1883  a  Bill  was  brought  before  Parliament  for 
making  a  ship  canal  in  the  Mersey  up  to  Manchester.  Manchester 
The  Bill  was  strongly  opposed,  chiefly  by  the  Mersey 
Dock  Commissioners,  and  a  brief  statement  of  the  chief 
engineering  objection  to  the  proposal  may  be  given.  The 
canal  was  to  be  formed  by  training-walls  and  excavation 
through  the  estuary,  so  as  to  obtain  a  good  navigable 
channel  at  all  times  up  to  Runcorn.  The  effect  of  con- 
fining the  river  to  one  track  would  be,  the  opponents  said, 
to  raise  the  level  of  the  sand-banks  (see  p.  350),  and  so 
exclude  tidal  water,  and  this  would  be  unobjectionable, 
if  the  amount  of  additional  tidal  water  admitted  by  the 
works  (i.e.  in  the  deepened  track)  counterbalanced  the 
water  so  excluded  ;  but  it  was  found  by  calculation  that 
there  would  be  far  more  water  excluded  than  was  admitted,  ^^°^  ^^*®'" 

excluded  by 

and  hence  that  the  proposed  works  would  not  only  be  pre-  silting  up  than 

admitted  by 

judicial,  but  might  absolutely  ruin  the  bar  of  the  Mersey,  works. 
Mr.  Thomas  Stevenson,  who  was  one  of  those  examined 
for  the  Mersey  Dock  Commission,  produced  evidence 
before  the  Committee  of  silting  up  behind  the  walls  at 
the  Nith,  Lune,  and  Ribble,  and  stated  in  evidence  that 
the  exclusion  would  amount  to  one-half  of  the  whole  tidal 
water,  and  if  carried  out  would  be  likely  to  prove  the  ruin 
of  Liverpool.' 

The  result  of  the  1884  campaign  was  that  the  Bill 
passed  the  Lords,  but  was  thrown  out  in  the  Commons, 

^  Minutes  of  Proceedings  of  the  Institution  of  Civil  Emjineers,  voL  xxvi.  p.  425. 
*  See  Mr.  Thomas  Stevenson's  Presidential  Address  to  the  Royal  Society  of 
Edinburgh,  1885. 
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and  hence  in  1885  the  promoters  brought  an  entirely  new 
scheme  before  the  Committees,  the  canal  passing  up  the 
side  of  the  estuary  instead  of  through  the  middle  of  it, 
thus  avoiding  the  silting  up  of  the  estuary.  This  Bill 
passed  both  Houses. 
Level  at  wiiich         Another  important  question  which  affects  scour  is  the 

backwater  is  ^  >>  •         i  i         n^^ 

abstraotedis  level  at  whlch  "  backwatcr  is  abstracted.  The  abstrac- 
tion of  water  from  a  marsh  on  a  high  level  covered  only 
at  high  spring-tides  is  very  different  in  effect  from  that 
of  abstracting  an  equal  amount  of  water  from  a  space 
which  is  filled  by  every  tide. 

It  will  readily  be  seen  that  the  efficiency  as  a  scouring 
agent  of  a  cubic  yard  of  water-space  filled  and  emptied 
by  every  tide,  as  compared  with  that  of  a  cubic  yard  filled 
only  Jive  times  during  every  set  of  spring-tides,  is  in  the 
ratio  of  706  to  125,  not  to  mention  the  more  effective 
scouring  power  of  water  discharged  after  half-ebb,  as 
compared  with  a  similar  quantity  discharged,  for  example, 
during  the  first  hour  after  high  water. 

The  value  of  the  water  as  a  scouring  agent  is  there- 
fore influenced  both  by  its  volume  and  by  its  level,  and 
may  be  expressed  as  follows : — 

S  oc  VT, 
where  V  =  the  volume  or  cubic  feet  of  water  space  above  the  low- 
water  level  of  the  estuary. 
T  =  the  number  of  times  it  is  filled  by  the  tide  throughout 

the  year. 
S  =  the  effective  scouring  power. 

The  only  other  consideration  that  should  be  kept  in 
view  is,  that  of  two  spaces,  V,  V,  of  equal  capacity,  and 
filled  every  tide,  that  which  is  lowest  in  position  will  be 
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most   effective  in   operating  on  the  low-water  channel.  ' 
These  values  must  of  course  be  held  applicable  only  to 
different  conditions  of  the  same  river  where  the  hardness 
of  the  bottom  to  be   scoured  and   other  circiunstances 
remain  unaltered. 

The  different  examples  I  have  given  will  serve  to 
illustrate  the  general  principles  on  which  almost  all 
"backwater"  questions  are  treated,  and  from  what  has 
been  said  it  will  be  apparent  that  every  new  case 
that  occurs  must  be  the  subject  of  actual  calculation,  and 
be  regarded  with  a  special  view  to  its  own  distinctive 
features,  as  suggested  by  physical  elements  peculiar  to 
each  locaHty,  such  as  the  configuration  of  the  banks  and 
bed  of  the  estuary,  the  simultaneous  levels  of  the  surface 
of  the  water  at  different  periods  of  the  tide  throughout 
the  estuary,  the  velocities  of  the  surface  and  under  cur- 
rents at  different  periods  of  tide  and  the  times  of  ebbing 
and  flowing,  together  with  many  other  more  minute  data 
peculiar  to  each  case,  which  it  is  not  possible  to  specify  in 
a  general  summary. 

Perhaps,  however,  the  following  general  propositions.  General  pro- 
if  not  in  all  cases  applicable,  may  nevertheless  be  held  regarding 
to  represent  pretty  accurately  our  general  knowledge  as  ^^  ****""" 
regards  "  backwater  "  : — 

1.  The  depth  on  Bars  is  due  to  backwater} 

2.  Where  the  high-water  level  of  tJie  surface  of  the 
river,  estuary,  or  basin  is  the  same  cw,  or  higher  than,  the 
level  seaward  of  the  point  of  abstraction,  a  diminution  of 

1   This  includes  the  river-water,  which,  as  stated  on  page  316,  in  our  navigable 
rivers,  has  but  a  small  effect  in  comparison  with  the  true  "backwater." 
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tide-covered  area  will  reduce  tlie  effective  hachvater,  unless 
there  are  worhs  tending  to  increase  the  velocity. 

3.  Where  the  high-water  level  of  the  surface  in  the 
nver,  estuary,  or  basin  is  lower  than  the  level  seaward  of 
the  point  of  abstraction,  a  diminution  of  tide-covered  area 
may,  in  some  cases,  be  made  without  matenally  reducing 
the  effective  bachvater. 

4.  The  lower  the  level  of  backwater  the  greater  mil  be 
its  effect  in  scouring  the  low-water  channel,  and,  therefore, 
the  nearer  the  site  of  abstraction  is  to  high-water  Tnark  the 
less  injurious  will  be  the  effect. 

5.  By  enlarging  the  tidal  capacity  of  a  Hver  at  a  low 
level,  where  the  acquired  volume  is  filled  every  tide,  com- 
p>ensation  may  be  given  for  a  much  larger  amount  of 
water  excluded  at  a  higher  level. 

6.  In  consequence  of  the  disturbing  effects  of  the  waves 
of  the  sea,  the  large  discharge  of  rivers  during  high  floods, 
and  the  varying  nature  of  tlie  beds  of  estuaries  and  bars, 
it  is  not  possible  to  conclude  that  with  a  given  quantity  of 
backwater,  as  deduced  from  the  measurement  of  the  tidal 
capacity  of  an  estuary,  a  constant  navigable  depth  can  he 
maintained  over  the  bar,  nor,  we  may  add,  is  it  possible  to 
conclude  what  alteration  of  navigable  depth  will  he  pro- 
duced by  a  given  alteration  on  the  amount  ofbojcki'-ofir. 

Lower  parts  ot         In  many  of  the  navigable  rivers  in  this  countiy,  such 

as  the  Mersey,  as  the  Mersey,  the  Ribble,  or  the  Tay,  the  lower  part 

improved  unless  of  the  estuary  presents  the  feature  of  large  tracts  of 

grea  cos .     g^^j.^anks,  somo  covered  to  a  small  depth  and  others 

drying  at  low  water,  and  the  bar,  which  we  have  been 

considering,  is  situated  far  to  seaward — at  the  very  out- 
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skirts,  if  I  may  so  express  it,  of  these  accumulations. 
It  is  not  a  little  remarkable  that  in  such  circumstances 
the  position  of  the  bar  and  the  depth  of  water  upon  it, 
though  varying  from  time  to  time,  as  affected  alternately 
by  summer  calms  and  winter  storms,  should  on  the  whole 
maintain  for  years,  if  not  the  same  position,  at  least 
pretty  much  the  same  average  depth  of  water,  and, 
indeed,  that  the  variation  either  in  position  or  depth 
should  not  be  such  as  materially  to  incommode  navigation, 
much  less  to  close  the  access  to  the  harbour.  We  find, 
for  example,  that  the  entrances  to  Liverpool,  Dundee,  and 
many  smaller  harbours,  although  across  bars  and  through 
extensive  sand-banks,  have  always  had  a  pretty  uniform 
depth  maintained  by  the  scour  of  the  backwater  which 
keeps  the  channels  open. 

Little  has  been  attempted  to  improve  the  entrance  to 
such  estuaries  by  artificial  works,  partly  no  doubt  from 
the  great  expense  that  would  attend  any  such  operation, 
and  partly  on  account  of  the  difiiculty  in  predicting 
what  effect  such  works  might  have  on  the  tidal  cun-ents, 
in  situations  so  exposed  to  the  sea,  and  how  far  any 
interference  with  their  flow  might  prove  beneficial  or 
detrimental.  The  tendency  has  rather  been  in  such  large 
estuaries  to  trust  to  the  natural  scour  of  the  tidal  waters, 
and  by  careful  lighting  and  buoying  to  indicate  to  vessels 
the  navigable  track  by  following  which  the  mariner  will 
find  sufficient  water  at  the  proper  time  of  tide  to  float  his 
vessel  over  the  bar  and  carry  her  to  her  destination. 

The  changes  which  take  place  in  the  sand- banks  and  changes  on 

banks  at  the 

bars  of  such  estuaries  as  those  to  which  I  have  been  re-  Tay. 
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ferring  are  capricious,  and  in  many  cases  unaccountable. 
For  example,  it  is  shown  by  existing  surveys  that  the 
position  of  the  bar  at  the  mouth  of  the  Tay  was  the  same 
in  1689,  1816,  1833,  and  1846;  but  a  survey  made  in 
1858  showed  that  it  had  shifted  a  little  to  the  north-east, 
and  what  was  from  the  earhest  times  known  as  the  navi- 
gable channel  no  longer  had  the  deepest  water.  In  1866 
the  Buddonness  leading  lights  were  erected,  and  placed 
according  to  the  designs  of  Messrs.  Stevenson,  so  as  to 
lead  50  fathoms  to  the  north-eastward  of  the  bar,  to  allow 
for  this  gradual  movement  of  the  bar,  and  in  1884  the  bar 
had  moved  so  much  that  it  was  deemed  necessary  to 
alter  the  position  of  the  leading  lights,  which  was  done 
by  moving  the  lower  light  bodily  a  distance  of  160  feet 
to  the  north-east.^  Notwithstanding  all  these  changes, 
however,  the  bar  had,  and  still  has,  a  navigable  depth  for 
the  largest  vessels. 
At  the  Mersey.  At  the  Mcrsey  the  changes  in  the  position  of  the  bai* 
have  been  more  rapid,  but  from  observations  made  by 
Captain  Hills,  the  Marine  Surveyor  to  the  port,  it  does  not 
appear  that  they  have  been  accompanied  by  any  permanent 
diminution  of  average  navigable  depth,  nor,  indeed,  by  any 
change  in  the  general  level  or  area  of  sands  dry  at  low 
water,  or  in  the  tidal  phenomena  of  the  estuary.  What 
was  called  "  The  New  Channel"  of  the  Mersey,  discovered 
in  1833,  continued  navigable  for  six  years,  and  within 
eight  years  of  its  discovery  became  obliterated.  The 
second,  or  **  Victoria  Channel,"  was  buoyed  in  1839,  and 

'  '•  Account  of  shifting  one  of  the  Lighthouses  at  Buddonness, "  by  David 
Caimingham,  Minutes  0/ Proc.  J  tut.  c^f  Civil  Engineers,  vol.  Ixxix. 
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after  gradual  deterioration  was  disused  in  1857,  and 
superseded  by  the  "Queen's  Channel."  Referring  to 
obsei-vations  on  the  tides,  Captain  Hills  states  that  the 
mean  height  of  high  water  above  the  Old  Dock  Sill  he 
found  to  be  as  follows  : — 

1st.  Mean  Height  of  High  Water  throughout  the  Year. 


1768, 
1769, 
1770, 

Mean  of  3  years, 

1854, 

1855, 
1856, 

Mean  of  3  years. 


15-510  feet  above  0.  D.  S. 

15-362       „ 

15-505 


No.  of  tides 
observed. 

703 
705 
705 


15-459 


15-425  feet  above  0.  D.  S. 
15-425       „ 
15-515       .. 


663 
678 
651 


15-454 


2d.  Mean  Level  of  Highest  Spring-tides  thrmighmit  the  Year. 


1768, 
1769, 
1770, 

Mean  of  3  years, 

1854, 
1865, 
1856, 

Mean  of  3  years. 


18-590  feet  above  0.  D.  S. 
18-673       „ 
18-816       „ 


18-693 


19-030  feet  above  O.  D.  S. 
18-873       „ 
19-236       .. 


19046 


"  The  conclusions  flowing  from  a  comparison  of  tidal 
levels  coincide  with  those  deduced  from  the  measiu-ement 
of  areas,  and  go  to  establish  the  fact  which,  at  first  sight, 
seems  at  variance  with  everj-^-day  experience,  viz.,  that 
the  sands  of  the  bay  in  two  respects,  area  and  elevation, 
present  evidence  of  only  trifling  change,  so  trifling  that 
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from  the  data  given  it  would  be  difficult  to  pronounce 
whether  they  were  on  the  increase  or  decrease."^ 

Captain  Hills  has  suggested  that  there  may  be  a 
regular  **  cycle  of  rotation  "  in  the  changes  that  are  going 
on  in  the  Mersey,  but  time  alone  can  prove  whether  such 
be  the  case.  The  bar  of  the  Tay  seems  hitherto  to  have 
been  less  variable.  Such  changes  may  be  due  to  certain 
states  of  prevailing  winds  during  high  tides,  and  even  to 
the  grounding  of  vessels  in  the  channel.  The  alteration 
in  the  bar  of  the  Tay  after  the  year  1846  was  attributed 
by  seamen  to  the  loss  of  a  large  vessel  laden  with  jute. 
The  effect  of  such  an  obstruction  as  a  stranded  vessel,  in 
causing  the  currents  to  act  on  the  bottom,  has  been  already 
referred  to  at  page  207,  where  it  was  seen  that  even  the 
bed  of  the  Tay,  consisting  of  heavy  gravel,  was  materially 
altered  in  the  course  of  a  few  tides,  and  how  much  greater 
must  be  the  effect  of  a  vessel's  hull  swept  by  the  currents 
of  flood  and  ebb  on  the  soft  sand- banks  in  the  estuaries 
of  which  we  have  been  speaking.  It  is  well  known  that 
vessels  grounding  on  such  sand-banks  sometimes  entirely 
disappear  in  the  course  of  a  few  tides,  the  opposition  they 
offer  to  the  currents  causing  a  scour  which  veiy  speedily 
excavates  a  hole  large  enough  to  bury  them  out  of  sight. 
Captain  Hills  mentions  two  such  cases  having  occurred 
on  the  Mersey.  Now,  were  we  to  suppose  a  vessel 
grounding  even  for  a  tide  on  the  edge  of  a  bank  forming 
one  side  of  the  bar  or  deep  channel  of  such  an  estuary,  it 
is  quite  possible  that  this,  in  connexion  with  some  par- 
ticular state  of  the  winds  and  tides,  might  so  affect  the 

^  Hills's  Hydrography  of  the  Mertey  Estuary,  Liverpool,  1858. 
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banks  as  to  give  the  current,  and  ultimately  the  navigable 
channel,  a  tendency  to  shift,  which  succeeding  disturbances 
might  so  encourage  and  increase  as  ultimately  maternally 
to  alter  the  navigable  track.  Dock  and  other  works  are 
also  being  formed  on  the  estuary,  both  of  the  Mersey  and 
Tay,  which,  though  not  decreasing  the  depth,  may  pos- 
sibly so  affect  the  outflowing  currents,  as,  in  combination 
with  certain  states  of  wind  and  tide,  to  have  some  effect 
in  varying  the  coiu'ses  of  the  outer  channels. 

To  trace  all  the  movements  of  the  channels  and  banks 
of  open  estuaries  to  their  true  origin  would  indeed  be 
hopeless,  for  ^vinds  and  floods,  as  well  as  stranded  vessels, 
may  each  or  all  have  their  share  in  giving  a  current  a 
slight  direction,  which,  once  commenced,  may  terminate 
in  a  new  channel  and  newly-formed  sand-banks.     As  an 


Fig.  62. 

example  of  the  strange  freaks,  if  I  may  so  express  it, 
that  are  to  be  met  with  in  the  movements  of  banks,  I 
may  refer  to  a  case  on  the  Tay,  where  a  sand  bank,  in 
the  course  of  a  single  year,  changed  its  position  without 
altering  its  form.  Fig.  62  shows  the  part  of  the  estuary 
of   the   Tay,   opposite    Balmbreich   Castle,   where   this 
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occurred.  In  surveying  the  river  in  1833,  the  bank  was 
found  to  have  the  outUne  and  occupy  the  position  shown 
in  hard  Hnes.  In  1834,  on  resuming  the  survey,  the 
position  of  the  bank  was  found  to  be  altered.  It  had 
retained  nearly  the  same  outHne,  but  had  shifted  about 
700  feet  further  down  the  estuary,  and  occupied  the 
position  shown  in  dotted  lines.  I  never  met  with  so 
striking  an  instance  of  what  I  may  term  altered  strength 
of  tidal  currents  without  alteration  of  their  direction ;  for 
I  believe  the  general  movement  of  the  particles  of  sand 
composing  the  bank  was  caused  by  increased  power  due 
to  increased  rain-fall,  while  nothing  had  occurred  to  alter 
the  direction  of  the  currents,  so  that  the  particles  of  sand 
were  carried  forward  in  the  direction  of  the  flood  current, 
and  deposited  so  as  to  present  nearly  the  same  outline  as 
shown  in  the  illustration. 

The  Wear. 

Bare  of  such  Keeping  in  view  the  theory  of  the  formation  of  bars, 

riv6r8  fts  lliG 

Wear  and  the    which  has  boon  explained  to  be  produced  by  the  breach 
improved  by     of  the  sea  tending  to  form  a  beach  across  the  mouth  of 

protecting  piers.  ,i  ,  i      .  p   .  . 

the  estuary,  an  obvious  means  oi  improvmg  or  removmg 
a  bar  is  to  prevent  the  sea  breaking  on  the  banks  and 
ploughing  up  the  sand,  by  the  formation  in  deep  water 
outside  the  bar  of  protecting  piers  or  breakwater.  I  shall 
take  as  an  example  the  Wear,  which  is  shown  in  fig.  63. 
In  its  natural  state,  such  a  river  as  the  Wear  flows  across 
the  beach  from  high  to  low  water,  in  a  broad  and 
shallow  channel,  the  direction  of  which  is  ever  chang- 
ing.    It  thus  forms  a  long  bar  or  shoal,  with  broken 
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water  throughout  its  whole  extent.  But  the  pro- 
jection of  piers  across  the  beach  affords  shelter  from 
the  waves,  and  admits  of  a  navigable  channel  being  ex- 
cavated and  maintained  ;  and  after  a  vessel  entering  the 


SOUNDINGS  AT  LOW  WATCR 


^^ 


Fig.  63. 


river  crosses  the  short  bar,  which  occurs  at  or  near  the 
pier-heads,  she  not  only  gets  into  deeper  water,  but  has 
the  additional  advantage  arising  from  the  shelter  afforded 
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by  the  piers.  To  this  extent  piers  in  such  situations  are 
highly  advantageous.  They  further  act  beneficially  in 
directing  the  flow  of  the  tidal  currents  in  a  fixed  channel 
across  the  beach,  and  in  connection  with  an  increase  of 
tidal  capacity  in  the  interior,  such  as  I  have  mentioned 
as  the  result  of  the  works  on  some  rivers,  they  cannot 
fail,  if  judiciously  designed,  to  operate  beneficially,  by 
maintaining  an  increased  depth  of  water  on  the  bar. 
Founding  on  these  views,  when  consulted  in  1858  by 
the  Commissioners  of  the  river  Wear,  as  to  the  best 
means  of  permanently  deepening  the  bar  which  extends 
between  the  heads  of  Sunderland  piers,  Messrs.  D.  and 
T.  Stevenson  recommended  the  construction  of  covering 
piers,  as  shown  in  dotted  lines,  with  an  entrance  1200 
feet  seaward  of  the  present  pier-heads,  and  described 
their  action  on  the  entrance  to  the  river  in  the  following 
extracts : — 

"  Protection  from  the  action  of  the  sea,  and  increase 
of  backwater,  are  the  means  of  operating  eflectually  in 
keeping  down  the  bar  of  the  Wear.  The  effect  of  in- 
creased backwater,  due  to  the  improvement  of  the  river, 
would  undoubtedly,  as  stated  in  former  reports,  act  very 
beneficially.  But  nevertheless,  so  long  as  the  bar  is  ex- 
posed to  the  undimhiished  action  of  the  sea  during  heavy 
gales,  it  must  be  subject  to  constant  changes  in  its  depth 
of  water ;  and  this  variableness  in  the  navigable  channel, 
especially  with  the  larger  draught  of  vessels  to  he  now 
accommodated^  must  doubtless  be  attended  with  incon- 
venience and  obstruction  to  the  trade  of  the  port,  which 
it  is  most  desirable  to  avoid.     We  have  therefore  con- 
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sidered  it  necessary  to  submit  to  the  Commissioners  a 
plan  of  improvement  based  on  the  fundamental  principle 
of  protecting  the  bar  from  the  tendency  to  heap  up  or 
accumulate  during  heavy  seas.  .  .  .  We  may  state  gener- 
ally that  the  effect  of  these  piers  will  be  to  protect  the 
entrance  to  the  harbour,  and  to  allow  the  tidal  scour  to 
act  freely  on  the  bottom,  and  maintain  a  greater  depth  on 
the  bar,  while  the  deeper  water  in  which  the  pier-heads 
are  proposed  to  be  founded  will  prevent  the  bottom  at 
the  outer  entrance  from  accumulating  or  rising,  so  as  to 
act  as  an  obstruction  to  such  vessels  as  the  interior  of 
the  harbour  is  capable  of  accommodating." 

There  are,  however,  rivers  which  present  very  different  Bar  of  the 
characteristics  from  those  we  have  been  considering,  both 
as  regards  the  fresh- water  stream  and  the  action  of  the 
sea,  and  it  will  be  interesting  to  notice  them ;  I  allude  to 
such  rivers  as  the  Mississippi  and  the  Danube,  which  fall 
practically  into  tideless  seas. 

Mr.  Ellet,  though  founding  his  views  on  totally  dif- 
ferent premises  from  those  I  have  laid  down,  also  comes 
to  the  conclusion  that  the  bars  of  the  Mississippi  are 
not  due  to  the  materials  deposited  by  the  out-going 
stream.  But  I  shall  give  his  interesting  explanation  in 
his'  own  words.  I  have,  however,  no  information  to 
enable  me  to  form  an  opinion  as  to  its  correctness.  It 
is  based  on  the  fact  already  described  in  Chapter  V., 
that  at  the  junction  of  a  river  with  the  sea,  the  fresh 
water  flows  in  a  stratum  above,  and  distinct  from,  the 
salt  water,  for  some  distance  after  entering  the  ocean. 

Founding  on  this  Mr.  Ellet  says:  "The  velocity  of 

Y 
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the  river  is  not  destroyed,  nor  very  sensibly  diminished, 
at  the  bars.  When  the  river  was  rising,  but  still  far 
from  being  at  full  height,  I  measured  the  velocity  of  the 
current  on  the  bar  of  the  Pass  h,  la  Loutre,  and  found  it 
to  vary,  at  different  times  and  places,  from  3  feet  to  3^- 
feet  per  second,  or  from  2  miles  to  2^^th  miles  per  hour. 
1  measured  it  also  repeatedly  on  the  south-west  bar,  and 
found  it  there  3  feet  per  second,  or  about  2  miles  per  hour. 
But  there  are  many  parts  of  the  river  where  the  speed 
of  the  current  does  not  exceed  2^  miles,  or  even  2  miles 
per  hour,  in  times  of  flood,  and  where  it  is,  notwith- 
standing, more  than  100  feet  deep.  In  fact,  on  testing 
the  velocity  of  the  south-west  pass,  4  miles  above  the 
bar,  and  in  5  fathoms  water,  I  found  the  current  to  be 
but  2  miles  per  hour, — precisely  the  same  as  it  was 
under  like  circumstances  of  wind  and  tide  on  the  bar. 
The  current  of  the  Mississippi  sweeps  over  the  bars  at  the 
mouths  of  the  passes,  and  at  periods  of  flood  many  miles 
out  into  the  gulf,  with  a  velocity  almost  undiminished 
by  its  contact  with  the  waters  of  the  gulf"  "  The  river 
water  does  not  mix  suddenly  with  the  sea,  but  rises  upon 
it,  floats  over  it,  and  rushes  far  out  into  the  gulf  on  the 
top  of  the  dense  sea  water,  by  which  it  is  buoyed  up. 
I  tested  this  repeatedly,  and  found  uniformly  a  column  of 
fresh  water,  nearly  7  feet  deep,  in  the  gulf,  entirely  out- 
side of  the  land,  and  salt  water  at  a  depth  of  8  feet  from 
the  surface,  and  extending  thence  to  the  bottom.  The 
river  does  not  come  down  with  a  certain  normal  depth 
and  speed,  and  encounter  the  gulf  at  the  bar.  No  such 
process  takes  place.     There  is  no  sudden  destruction  of 
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velocity,  and  consequent  deposit  of  suspended  silt.  But 
the  water  of  the  Mississippi  does  not  move  over  the  sur- 
face of  the  gulf  at  a  speed  of  3  feet  per  second  without 
imparting  a  portion  of  its  motion  to  the  sea.^  The  fresh 
water  and  the  salt  water  take  the  same  direction  towards 
the  sea,  and  with  nearly  the  same  velocity,  but  yet  keep 
separate.  This  state  of  things  clearly  cannot  exist  at  the 
bottom ;  for  as  the  river  water  is  for  ever  coming  for- 
ward, if  the  salt  water  all  flowed  towards  the  gulf,  it 
would  all  be  earned  out,  and  river  water  would  take  its 
place.  Salt  water  must  come  in  from  some  quarter,  to 
supply  the  current  of  sea  water  that  is  for  ever  setting 
towards  the  gulf,  beneath  the  water  discharged  by  the 
river.  This  salt  water  can  only  come  from  the  sea,  and 
can  only  come  in  along  the  bottom.  It  is,  in  fact,  an 
eddy  that  is  here  at  work,  the  movements  being  in  a 
vertical  instead  of  a  horizontal  plane.  Now,  the  ques- 
tion is,  How  does  this  account  for  the  existence  of  the 
bar?  The  fresh  water  running  out  cannot  produce  de- 
posit, for  it  has  velocity  enough  to  sweep  away  a  foun- 
dation of  coarse  gravel.  The  outpouiing  salt  water 
immediately  beneath  the  fresh  cannot  produce  deposit, 
because  it  also  has  a  velocity  seaward  strong  enough  to 
remove  anything  that  is  brought  down  the  Mississippi. 
The  salt  water  that  is  coming  in  might  produce,  and  I 
doubt  not  does  produce,  a  deposit,  for  it  passes  over  the 
soft  muddy  bottom  of  the  gulf,  and  moves  into  the  river, 
and  along  the  bar,  at  a  very  slow  rate.     According  to 

>  This  is  in  harmony  with  Venturi's  well-known  experiments,  from  which  he 
fonnd  that  a  body  of  water  in  motion  leads  or  drags  with  it  the  particles  of 
water  at  rest  with  which  it  may  be  in  contact. 
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these  facts,  and  this  reasoning,  there  must  be  usually  on 
the  bar  three  distinct  strata :  1st,  Fresh  water,  running 
out  at  top,  found  by  experiment  on  the  south-west  bar  to 
have  a  velocity  of  3  feet  per  second ;  2d,  Salt  water  below 
the  fresh,  also  running  out  with  nearly  the  same  velocity 
as  at  top ;  and  3cZ,  Salt  water  coming  in  slowly  along  the 
bottom,  and  apparently  a  sheet  of  salt  water  between 
that  running  out  and  that  coming  in,  which  will  be  with- 
out motion. 

"  But  as  already  said,  and  as  is  obvious,  all  the  sea 
water  that  comes  in  must  go  out  again.  It  comes  in 
along  the  bottom,  and  it  must  go  out  between  the  column 
of  salt  water  coming  in  and  that  of  the  fresh  water  going 
out.  Each  particle  of  salt  water,  therefore,  must  change 
its  direction  and  position  in  elevation.  It  must  pass  from 
an  inward-bound  lower  stratum  to  an  outward-bound 
upper  stratum.  But  in  passing  through  this  change  of 
motion,  its  velocity  up  stream  must  be  neutralised.  It 
passes,  to  use  a  technical  term,  the  dead  point.  At  this 
point  it  may  cease  to  bear  its  whole  burden  of  mud, 
which  it  has  brought  from  the  gulf  further  forward.  It 
leaves  it,  or  a  portion  of  it,  at  the  turning-point.  This 
turning-point  is  the  place  where  the  bar  for  the  time 
being  is  in  process  of  formation.  But  as  the  upper  and 
lower  strata  are  moving  in  opposite  directions,  the  mter- 
mediate  column  must  of  necessity  have  a  rotatoiy  motion. 
That  motion  must  be  shared  by  the  lower  column  of  salt 
water,  and  this  turning-point  must  therefore  be  formed 
at  the  same  time  at  different  places  along  the  bar." 

The  improvement  of  the  entrance  to  the  Mississippi 
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was  unsuccessfully  attempted  for  many  years,  chiefly  by 
dredging  and  jettying  the  South-west  Pass,  but  in  1875 
Mr.  James  B.  Eads  undertook,  for  a  sum  of  £1,052,000, 
to  make  a  channel  30  feet  deep  through  the  South  Pass, 
and  maintain  it,  at  that  depth,  for  an  annual  payment  of 
£75,000. 

The  work  consists  of  parallel  jetties  of  willow  mat- 
tresses 1000  feet  apart,  the  inner  portions  in  some  parts 
being  protected  with  rubble,  and  the  outer  side  by  con- 
crete blocks.  In  some  places  spurs  or  wing  dams  100  to 
300  feet  in  length  have  been  put  out  in  certain  places  at 
right  angles  to  the  jetties  to  increase  the  scour.  The 
success  of  his  work  may  be  judged  from  this,  that  formerly 
the  river  channel  was  only  18  feet  in  depth,  but  now 
there  is  a  channel  "26  feet  in  depth,  and  not  less  than 
200  feet  in  width,  and  having  through  it  a  central  depth 
of  30  feet  without  regard  to  width." ^  The  channel  is 
being  maintained  at  present  without  dredging.  Seaward 
of  the  jetties  there  is  a  general  advance  of  the  slope ; 
since  1876  the  20-feet  contour  has  advanced  344  feet, 
and  the  90-feet  contour  1018  feet. 

The  Danube  is  interesting  as  being  an  example  of  a  Bar  of  the 

Danube,  its 

large  river  which  has  been  successfully  treated  by  the  cause,  and 

.  .         .  _       -  ^  J        works  for  its 

construction  of  piers  or  jetties,  and  also,  as  the  reader  improvement. 
will  find,  in  the  origin  of  its  "  bar  "  as  distinguished  from 
the  sea-bars  treated  of  in  the  beginning  of  this  chapter. 

In  1856  the  "  European  Commission  of  the  Danube" 
was  appointed  under  the  Treaty  of  Paris,  and  consisted 
of  seven  delegates,  representing  England,  Austria,  France, 

^  Annual  Report  of  the  Chief  of  Engineers,  U.S.  Army,  1884. 
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Prussia,  Russia,  Sardinia,  and  Turkey,  and  its  object  was 
to  improve  the  bar  of  the  river,  and  open  the  navigation 
to  the  traffic  of  all  nations.  The  Danube,  after  flowing 
over  a  course  of  1700  miles,  and  draining  300,000  square 
miles  of  country,  enters  the  Black  Sea  by  three  separate 
mouths — the  northern  called  the  Kilia,  the  central  the 
Sulina,  and  the  southern  the  St.  George's  mouth.  The 
first  duty  of  the  Commission,  Avith  the  advice  of  Sir 
Charles  Hartley,  who  was  appointed  their  engineer,  was 
to  select  one  of  the  three  mouths  for  improvement,  which 
was  by  no  means  an  easy  task,  as  each  of  them  presented 
advantages  peculiar  to  itself,  and  after  much  consideration 
the  Sulina  or  central  channel  was  selected;  and  although 
considerable  difference  of  opinion  existed  as  to  the  pro- 
priety of  the  choice,  the  result  has  shown  that  the  course 
adopted  w^as  judicious. 

The  Danube  discharges  in  ordinary  flood  no  less  than 
twenty  millions  of  cubic  feet  of  water  per  minute,  enters 
a  tideless  sea,  and  we  have  a  totally  diflerent  class  of 
phenomena  to  deal  with  from  those  of  the  kind  which  I 
have  been  considering.  The  river  brings  down  an 
amount  of  detritus  which  has  been  ascertained  by  Sir 
Charles  Hartley  to  be  equal  to  27  cubic  inches  per  cubic 
yard,  and  to  be  equal,  in  cases  of  high  flood,  to  no  less 
than  600,000  cubic  yards  of  solid  deposit  in  24  hours. 
Like  the  Mississippi  and  the  Nile,  the  Danube  owes  its 
extensive  delta  to  the  gradual  accretion  of  this  sedimen- 
tary deposit,  and  the  bar  at  its  mouth  is  due  to  the  same 
action.  It  therefore  differs  entii*ely  from  the  bars  in  this 
country,  as  is  well  exemplified  in  the  fact,  as  has  been 
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already  stated,  that,  whereas  in  our  harbours  the  bai-s  are 
always  deepest  when  the  sea  is  calm  and  the  rivers  are 
in  flood,  and  therefore  most  efficient  as  scouring  agents, 
at  the  Danube  the  bar  is,  on  the  contrary,  invariably 
shcdlowest  when  the  river  is  in  flood,  because  it  is  then 
charged  with  a  larger  amount  of  detritus. 

Another  feature  of  difference  in  the  treatment  of  such 
a  case  as  the  Danube  is  to  be  found  in  the  circumstance 
that  there  is  no  reversal  of  the  current  due  to  tidal  influ- 
ence, and  therefore  it  is  unnecessary,  in  fixing  the  direc- 
tion of  the  piers,  or  indeed  in  designing  any  of  the  works, 
to  provide  for  the  admission  of  tidal  water  to  act  as  a 
scour  on  its  return  to  the  ocean,  a  provision  which  always 
demands  special  attention  in  designing  tidal  works  on  our 
coasts. 

The  works  executed  at  the  Sulina  mouth,  as  shown 
in  fig.  64,  consist  of  a  north  pier  4640  feet  in  length,  and 


Fio.  64. 


a  south  pier  3000  feet  in  length,  both  built  of  pien^es 
'perdues  surmounted  by  a  timber  staging,  with  an  entrance 
between  of  600  feet,  and  the  slight ness  of  their  structure 
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indicates  the  modified  character  of  the  waves  to  which 
they  are  exposed. 

These  works,  which  have  cost,  inchiding  maintenance 
to  the  present  time,  about  £220,000,  are  highly  creditable 
to  the  talent  and  energy  of  Sir  Charles  Hartley,  and  have 
now  been  completed,  and  their  effect  has  been  most  satis- 
factory, as  proved  by  the  fact  that,  previous  to  their  con- 
struction, the  depth  on  the  bar  never  exceeded  11  feet, 
and  frequently  fell  to  8  feet ;  whereas,  according  to  the 
last  accounts  from  Sir  Charles  Hartley,  the  depth  for 
some  years  past  has  never  been  less  than  20 J  feet. 
Piers  must  be  It  is  obvious,  howcver,  that  as  the  Danube  must  con- 

exteiuled  to  .  i     •  i  c    ^         • 

keep  pace  with  tmue  to  bring  down  an  enormous  mass  oi  detritus,  so,  in 
delta.  course  of  time,  the  works  which  have  proved  so  successftil 

must  be  extended — an  event  which  has  been  fully  antici- 
pated by  its  projectors,  and  in  this  respect  we  find  an 
interesting  difference  between  such  works  as  the  Danube 
piers  and  the  harbour  works  of  this  country,  for  here,  the 
object  being  to  prevent  the  waves  from  acting  on  the 
bottom,  the  engineer  extends  his  works  out  into  a  depth 
of  water  where  there  is  little  or  no  disturbance  of  the 
bottom,  and  if  this  is  once  secured  he  may  calculate 
on  the  increased  depth  of  water  remaining  permanent, 
whereas  at  the  Danube  the  piers  must  be  projected  to 
keep  pace  with  the  gradually  increasing  delta  at  the 
river's  mouth. 

Hard  Bars. 

In  other  places  we  find  what  are  termed  **  hard  bars," 
which  I  have  still  to  notice.     For  examples  of  these  I 
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refer  to  such  places  as  Ballyshannon  in  Ireland,  or  Loch  • 
Fleet  in  Sutherlandshire,  both  of  which  I  have  had 
occasion  professionally  to  examine.  The  bar  at  Loch 
Fleet,  for  example,  is  composed  of  boulders  firmly  im- 
bedded in  a  mass  of  indurated  gravel,  and  is  obviously  a 
continuation  of  a  bed  of  similar  formation  which  seems 
to  traverse  the  coast  at  that  place,  while  that  at  Bally- 
shannon is  simply  a  heap  of  large  boulders.  The  con- 
sequence, in  either  case,  is  that  no  scouring  power  can 
make  the  least  impression  on  the  channel.  Such  bars  are 
entirely  due  to  the  hardness  of  the  bottom,  and  though 
their  hardness  makes  such  obstructions  troublesome  to 
remove,  and  though,  moreover,  they  are  generally  in 
exposed  situations,  still  they  are  coniparatively  easily 
treated  by  the  engineer,  and  an  encouraging  prospect  is 
always  held  out  that  their  removal  will  be  attended  with 
permanent  benefit,  since  by  excavating  a  channel  through 
them  we  at  the  same  time  remove  the  evil  and  its  cause. 

The  entrances  to  some  rivers  are  greatly  impeded  Groynes. 
by  shingle  or  gravel,  carried  along  hy  the  waves  from  the 
adjoining  shores,  and  deposited  in  the  channel.  I  have 
known  such  deposits,  if  not  wholly  removed,  at  least 
greatly  modified  by  erecting  groynes  across  the  beach  in 
such  a  position  (depending  on  the  direction  of  the  heaviest 
seas),  as  either  to  collect  the  shingle  and  retain  it  until 
it  can  be  carted  away,  or  to  lead  it  past  the  harbour 
mouth  altogether,  and  force  it  onwards  to  a  place  of 
deposit  in  an  adjoining  part  of  the  coast ;  and  when  this 
can  be  brought  about,  the  engineer  may  congratulate 
himself  on  having  designed  a  very  successful  work. 


CHAPTER   XIII. 
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Schemea  for 
gaining  land 
anil  improving 
navigation  not 
compatible 
unless  skilfully 
designed. 


Dee  reclamo- 
tion. 


Schemes  for  gaining  land  and  improving  navigation  not  generally  compatible — 
Illustrated  by  the  Dee — Depression  of  low-water  line  apt  to  mislead,  as  tested 
iu  the  Lune — Increase  of  tidal  water  at  the  Lune,  Tay,  and  Ribble,  and  its 
effect  as  a  scouring  agent — Adjoining  property  benefited  by  river  improve- 
ments— Process  of  land-making  depends  on  amount  of  matters  held  in  sus- 
pension— Heaviest  matters  found  next  the  sea  in  tidal  estuaries,  the  reverse 
in  such  rivers  as  the  Danube,  etc. — Size  of  particles  which  estuaries  are 
capable  of  carrying — Weight  of  different  deposits  in  the  bed  of  the  Clyde 
— Quantity  of  matter  held  in  suspension  by  different  rivers — Formation  of 
deltas — Level  of  vegetation  in  marsh  lands — Works  for  protection  of  marsh 
lands — Works  for  protection  of  land  iu  open  estuaries. 

Such  twofold  schemes  as  have  for  their  ostensible  object 
the  improvement  of  rivers  and  the  foi'mation  of  land, 
have  generally  been  unsuccessful  in  benefiting  navigation. 
I  do  not  affirm  that  river  works,  constructed  on  the  prin- 
ciple that  has  been  advocated  in  the  foregoing  pages, 
have  not  the  effect  of  making  land;  but  land-making  is 
no  part  of  sound  Rivei^  Engineering.  Judiciously  designed 
works  may,  as  I  propose  now  to  show,  protect,  and  even 
reclaim  land,  while  at  the  same  time,  as  their  primary 
object,  they  improve  navigation ;  but  I  know  of  no  case 
where  the  interests  of  navigation  have  been  promoted  by 
any  measure  which  had  for  its  principal  object  the  con- 
struction of  walls  designed  to  convert  large  tracts  of 
tide-covered  sands  into  cultivated  fields. 

The  area  reclaimed  from  the  estuary  of  the  Dee,  which 
is  now  fertile  land,  was  originally  pure  sand-bank  covered 
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by  all  spring-tides,  and  utterly  unavailable  for  any  useful 
agricultural  purpose,  and  as  it  is  a  good  example  of  such 
tidal  reclamations,  it  may  be  interesting  to  give  a  brief 
outline  of  what  has  there  been  accompHshed.  The  plan 
of  this  river  is  shown  in  Plate  V.,  from  a  survey  by  Messrs. 
Stevenson,  made  in  1838.  The  River  Dee  Company,  in- 
corporated by  Act  of  Parliament  in  1732,  have  from  time 
to  time  reclaimed  from  the  upper  part  of  the  estuary  a 
large  tract  of  land,  extending  to  about  four  thousand 
acres,  which  is  now  in  full  cultivation ;  and  alongside  of 
this  gradually  gained  territory  the  river  has  been  con- 
ducted from  Chester  to  near  Flint,  in  a  narrow  canal  of 
about  8  miles  in  length,  and  400  feet  in  width.  A  con- 
siderable portion  of  land  has  also  been  reclaimed  on  the 
Flintshire  side  of  the  estuary,  though  not  by  the  pro- 
prietors of  the  Dee  Company ;  and  it  is  beheved  that  the 
aggregate  amount  which  has  from  first  to  last  been  gained 
from  the  sea  is  about  seven  thousand  acres.  Now,  it  is 
well  authenticated  that  previous  to  the  commencement 
of  the  land-making  operations  on  that  river,  there  was  a 
depth  of  not  less  than  a  fathom  at  low  water  of  spring- 
tides up  as  far  as  Burtonhead,  and  that  there  was  an 
anchorage  for  vessels  of  the  largest  size  opposite  to  Park- 
gate,  the  positions  of  which  places  are  marked  on  the 
plan,  Plate  V.  But  when  I  surveyed  the  Dee  in  1838, 
the  depth  of  6  feet,  even  in  the  best  channel  or  fairway, 
was  not  found  for  more  than  six  miles  below  Burtonhead, 
the  low-water  features  of  the  estuary  having  been  forced 
to  that  extent  farther  seaward  by  the  extensive  reclama- 
tion of  land  in  the  upper  part  of  the  estuary,  and  the 
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consequent  diminution  of  the  tidal  scour.  It  cannot,  we 
think,  be  disputed,  that  the  effect  of  the  works  executed 
on  the  river  Dee,  whatever  may  have  been  the  anticipa- 
tions of  their  projectors,  has  been  to  shut  out  the  sea, 
and  form  land  at  the  expense  of  the  navigation. 

The  process  followed  in  carrymg  out  the  land-making 
works  at  the  Dee  was  to  construct  a  high  bank,  rising 
9  feet  above  the  level  of  high  water,  so  as  to  confine  the 
river  to  the  south  side  of  the  estuary.  The  tidal  water, 
which  was  admitted  to  flow  freely  between  the  bank  and 
the  north  coast,  quickly  deposited  layer  after  layer  of 
sand  and  silt,  and  in  fact  shut  itself  out,  and  so  soon  as 
the  surface  had  attained  a  sufficiently  high  level,  a  cross 
bank  was  constructed  between  the  main  embankment 
and  the  north  shore,  and  thus  the  large  area  shown  on 
the  plan  was  hit  by  hit  reclaimed.  The  reclaiming  banks 
were  gradually  strengthened  and  pitched  on  the  outer 
face,  and  substantial  sluices  were  formed,  which  are  shut 
against  the  ingress  of  the  rising  tide,  but  being  open  at 
low  water,  allow  the  drainage-water  to  escape  from  the 
reclaimed  ground,  some  of  which  is  still  below  the  level 
of  high  water. 

Land-making  schemes  constructed  on  such  a  principle 
prove  generally  injurious  to  navigation,  and  that  of  the 
Dee  Company  is  no  exception.  But  it  is  of  greater 
importance,  perhaps,  to  state  that  navigation  improve- 
ments, as  will  be  shown  hereafter,  may,  if  judiciously 
carried  out,  be  made  to  promote  the  acquisition  and  pro- 
tection of  land  as  well  as  the  interests  of  navigation,  as, 
for  example,  at  the  Ribble  and  Lune  in  Lancashire,  and 
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the  Nith  in  Dumfriesshii'e,  and  thus  to  serve  at  once  the 
twofold  interest  of  navigation  and  agriculture. 

But  an  objection  has  sometimes  been  raised  to  navi-  Depression  of 

i/»  1  1  ••ii'ii  1       low-water  line 

gation  works  formed  on  the  prmciples  laid  down,  namely,  apt  to  mislead 
by  low-water  training  walls,  which  it  is  necessary 
to  notice,  namely,  that  land  behind  the  walls  must 
necessarily  accrete  or  silt  up,  and  so  exclude  tidal  water. 
The  change  produced  on  the  relative  levels  of  the 
low  water  and  the  banks,  by  the  depression  of  the  low- 
water  line,  described  at  page  284,  have  sometimes  led  to 
considerable  misapprehension.  This  lowering  of  the  sur- 
face of  the  water,  and  consequent  baring  of  the  banks 
at  low  water,  when  the  river  is  confined  by  walls  in  the 
lower  part  of  an  estuary,  invariably  conveys  the  impres- 
sion to  a  casual  observer  that  a  rise  has  taken  place  in 
the  level  of  the  adjoining  sand-banks  which  must  have 
excluded  tidal  water,  and  consequently  it  has  often  at 
once  been  concluded  that  the  erection  of  river  walls  is 
inconsistent  with  the  principle  of  non-exclusion  of  tide- 
water which  I  have  been  advocating.  But  this  is  leav- 
ing out  of  view  the  enormous  gain  to  the  navigation 
by  the  increased  scour,  due  to  the  enlargement  of  the 
low-water  channel,  as  explained  at  page  258,  and  it  is 
evident  that  the  increase  of  the  sand-banks  may  be 
greatly  misunderstood  and  exaggerated. 

In  its  natural  state,  the  channel  of  such  an  estuar}'^  as 
the  Lune  or  the  Ribble,  as  already  explained,  is  subject 
to  constant  change  of  position.  I  have  seen  many  acres 
of  marsh  or  grass  land  in  such  estuaries  carried  off  by  the 
sea,  and  the  solid  matter  of  which  they  were  composed 
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scattered  over  the  shores  and  sand-banks.      Now,  the 

effect  of  fixing  the  channel  hy  means  of  loalls,   in  the 

manner  recommended,  is  to  form  one  permanent  navigable 

Rise  of  banks    tracTc ,'  and  the  hanks  on  either  side,  being  no  longer  subject 

behind  training-  j^  .,.,.  t/«t 

walls  to  level  of  to  the  jpenodtcal  inroads  oj  the  river  or  tides,  gradually 
rise  in  elevation  until  they  are  capable  of  producing 
vegetation,  and  ultimately  become  what  are  termed  marsh 
lands.  The  rate  at  which  this  accretion  goes  on  cannot 
be  better  exemplified  than  in  the  case  of  the  river  Ribble, 
where  the  result  is  simply  due  to  confining  the  river  to 
one  permanent  channel. 

The  Ribble  Navigation  Company  in  1838  obtained  an 
Act  for  the  improvement  of  the  river,  under  the  advice 
of  Messrs.  Stevenson,  by  whom  the  works  were  afterwards 
executed. 

The  only  portion  of  these  works  to  which  it  is  neces- 
sary at  present  to  refer  is  the  guiding  of  the  river  by 
low  rubble  training-walls,  which  confined  the  navigable 
channel  to  a  fixed  course,  and,  at  the  same  time,  allowed 
the  tidal  water  to  flow  freely  over  the  banks  on  either 
side  of  the  estuary,  as  will  be  understood  by  referring  to 
fig.  67,  at  page  369.  The  anticipated  effect  of  this  was 
to  encourage  the  deposit  of  rich  alluvial  matters  on  either 
side  of  the  estuary,  and  as  this  deposit  would  no  longer 
be  subject  to  encroachments  hy  the  river,  it  was  expected 
that  ultimately  a  belt  of  marsh  land  would  be  formed  all 
along  the  shores.  The  Act  directed  that  a  plan  of  the 
banks  of  the  estuary  should  be  made  before  the  com- 
mencement of  the  works,  and  that  a  similar  plan  should 
be  made  every  tenth  year  thereafter,  showing  the  quantity 
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of  land  gained  from  the  river  within  each  such  period 
of  years.  It  further  enacted  that  at  the  end  of  every 
successive  ten  years  three  persons  should  be  nominated 
— one  by  the  Ribble  Navigation  Company,  another  by 
the  owners  of  the  adjoining  land,  and  the  third  by  the 
two  persons  so  nominated — as  arbiters,  to  fix  the  quantity 
of  land  so  gained,  to  settle  its  value,  and  fix  the  annual 
rents  to  be  paid  to  the  Company  by  the  landowners. 

By  a  subsequent  Act,  obtained  in  1852,  the  Company 
were  directed  to  make  a  statement  of  the  amount  of  land 
then  gained,  and  at  the  end  of  every  five  years  thereafter; 
and  landowners  were  declared  to  be  entitled  to  the  right 
of  pre-emption  in  the  event  of  their  wishing  to  become 
owners  of  the  reclaimed  land  ex  adverso  their  property. 

The  following  figures  show  how  the  accretion  pro- 
ceeded : — 

ACRES. 

Up  to  the  year  1853  there  had  been  regained     .         .  914 

1853  to  1858, 760 

1858  to  1863, 590 

1863  to  1868, 335 


Total,     .       2599 

The  total  amount  of  reclaimed  pasture  land  is  now 
about  5000  acres,  but  there  is  a  greater  amount  of  accre- 
tion not  grassed  over  on  the.  south  side  of  the  river  both 
along  the  line  of  the  wall  and  beyond  the  end  of  it. 

I  have  ascertained  by  repeated  obsei'vation  that  when 
a  river  channel  has  been  fixed  and  confined  by  training 
walls,  the  tidal  water  comes  up  the  channel  in  a  compara- 
tively pure  state,  instead  of  being  loaded  with  particles 


Lnne. 
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abraded  from  the  sand-banks  and  marshes.  It  has  also 
been  found  that  the  process  of  deposit  at  the  sides  of 
an  estuary  so  improved  goes  on  very  slowly  after  it  has 
reached  a  certain  stage ;  for  the  materials  deposited  on 
the  upper  parts  of  the  banks  are,  as  afterwards  more 
particularly  described,  exceedingly  fine,  and  are  carried 
only  by  the  highest  tides,  which  seldom  reach  those 
elevated  portions  of  the  shores.  From  all  these  con- 
siderations I  infer  that  the  effect  of  river  walls  upon  an 
estuary  is  mainly  to  prevent  the  constant  disturbance  of 
the  materials  of  which  the  banks  are  composed,  but  not 
necessarily  to  occasion  additional  accumulations.* 
As  tested  in  the  I  had  an  Opportunity,  at  the  Lune,  of  testing  by 
actual  measurement  in  how  far  the  raising  of  the  banks, 
caused  by  the  erection  of  the  walls,  was  due  merely  to  a 
new  disposition  of  the  materials  which  originally  filled 
the  bed  of  the  estuary,  or  to  additional  foreign  matters 
deposited  in  consequence  of  the  operations.      I  am  not 

^  These  words,  "  not  necessarily,"  are  used  advisedly,  to  show  that,  under 
certain  conditions,  no  silting  behind  walls  may  take  place,  and  in  other 
cases,  that  although  there  may  be  silting  iip  behind  the  walls,  no  exclusion  of 
tidal  water  may  occur.  An  example  of  the  first  case  is  the  Clyde,  where  no 
practical  silting  up,  and  hence  no  exclusion  of  tidal  water,  has  taken  place.  As 
an  example  of  the  second  case,  no  better  example  than  that  of  the  Lune  can 
be  mentioned.  Here  there  was  no  exclusion  of  tidal  water,  the  accumulation 
having  come  neither  from  without  the  bar  nor  from  the  river  above  ;  but  the 
material  (amounting  to  259,697  cubic  yards)  which  had  been  removed  from 
below  Basil  Point  (see  tig.  G5),  and  transferred  up  to  and  behind  the  wall,  as 
ascertained  by  a  survey  made  after  the  walls  were  put  in,  would  (unless  there 
were  compensative  works)  undoubtedly  injure  the  channel  between  Basil  Point 
and  Glasson  by  excluding  water  due  to  this  amount  of  accretion.  A  recent 
survey  shewed  still  more  silting  up  behind  the  w.ill  ;  in  fact,  nearly  twice  as 
much  ;  but  a  survey  embracing  the  whole  estuary  would  require  to  be  made,  to 
ascertain  whence  this  additional  material  came,  before  being  able  to  judge  of  the 
effect  on  the  bar.  This  much  we  know,  however,  that  up  to  the  year  1851  the 
whole  accumulation  behind  the  wall  did  not  exclude  tidal  water  from  passing 
over  the  bar,  and  this  amounted  to  one-half  of  the  whole  accretion  up  to  1884. 
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aware  that  similar  observations  with  this  object  have 
been  made  on  so  large  a  scale ;  and  as  they  are  highly 
important  in  assisting  our  views  as  to  the  economy  of 
tidal  estuaries,  I  shall  give  a  brief  notice  of  them. 

On  referring  to  the  chart  of  the  Lune,  Plate  VIII.,  increase  of  tidal 

water  at  the 

the  changing  nature  of  the  channel  will  be  seen  from  the  Lune  and  Tay. 
different  courses  in  which  it  flowed,  as  shown  by  dotted 
lines.  To  obviate  this,  training- walls  and  other  works 
were  constructed,  which  caused,  as  might  have  been  ex- 
pected, a  very  considerable  alteration  in  the  position  and 
form  of  the  sand-banks  in  the  estuary.  This  alteration, 
in  connection  with  the  depression  of  from  two  to  three 
feet  in  the  low-water  level  of  the  river,  was  apt  to  lead  a 
casual  observer  to  suppose  that  a  great  accumulation  of 
sand  had  taken  place,  and  consequently  that  a  correspond- 
ing amount  of  backwater  had  been  excluded,  and  obser- 
vations were  made  to  determine  the  state  of  the  case. 
Fig.  65  represents  the  changes  that  were  produced  by  the 
works.  Over  the  whole  area,  which  is  represented  as 
covered  by  sand,  a  deposit  had  taken  place,  the  hanks 
being  higher  than  formerly,  whereas  the  whole  area  in- 
cluded in  hatched  lines  had  been  scoured,  the  banks 
having  been  lowered.  A  careful  calculation  was  made, 
founded  on  numerous  sections  taken  in  1838  before  the 
works  were  commenced,  and  in  1851  after  their  comple- 
tion. The  result  of  this  investigation  was,  that  after  the 
completion  of  the  works  the  amount  of  deposit  on  the  space 
shown  as  sand  in  the  cut  was  3,070,146  cubic  yards; 
whereas  the  amount  of  scour  on  the  space  shown  by  hatched 
lines  was  2,810,449  cubic  yards;  giving  an  excess  of  de- 
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posit  of  259,697  cubic  yards.  But  the  amount  stated  as 
having  been  scoured  does  not  include  what  has  been  taken 
away  below  Glasson  and  Basil  Points,  which  has  doubt- 
less been  deposited  in  the  bank  above.  The  survey  of 
1838  did  not  afford  data  for  ascertaining  the  amount 
of  what  had  been  scoured  below  Glasson  with  suflSicient 
accuracy  to  admit  of  its  being  included  in  the  foregoing 
calculations.  But  an  amount  of  scouring  was  ascertained 
to  have  actually  occurred  at  that  place,  which  was  amply 
sufficient  to  counterbalance  the  surplus  of  259,697  cubic 
yai'ds  of  deposit,  as  given  in  the  above  statement. 

Such  a-  result  may  indeed  be  expected ;  for  it  is  diffi- 
cult to  conceive  in  what  way  parallel  walls  formed  in  an 
estuary  can  operate  either  in  bringnig  down  additional 
alluvial  matters  from  the  river  above,  or  in  bringing  up 
additional  detritus  y?'om  without  the  bar. 

Holding  these  views,  and  supported  by  the  actual 
observations  made  in  the  case  of  the  Lune,  I,  therefore^ 
conclude  that  the  tendency  of  works  executed  in  accord- 
ance with  the  principles  laid  down  is  not  necessamly  to 
produce  additional  accumulation  of  matter,  but  simply  to 
cdter  the  disposition  of  the  existing  materials  of  which  the 
bed  of  the  estuary  was  oHgincdly  composed.^ 

^  As  Mr.  David  Stevenson's  words  as  above  were  quoted  in  the  evidence  taken 
before  the  House  of  Lords  on  the  Manchester  Canal  Bill,  as  favouring  the  idea 
that  accretion  and  exclusion  of  tidal  water  would  not  take  place  in  consequence 
of  the  training- waU,  we  wish  to  state  that  the  theory  of  transposition  of  materials 
used  in  the  sense  of  a  transposition  of  materials  from  side  to  side  of  an  estuary 
— or  lateral  transposition,  as  we  may  call  it — was  never  advocated  by  him.  In 
fact,  he  was  the  first  to  realise  and  show  that  a  transference  of  material 
could  take  place  from  a  lower  part  of  an  estuary  to  a  higher,  as  in  the  case  of 
the  Lune,  where  259,697  cubic  yards  were  removed  from  below  Basil  Point  (see 
fig.  65),  and  transferred  up  to  and  behind  the  low-water  training-wall  which  had 
been  made  some  years  before. 
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Now,  assuming  that  in  a  certain  case  a  deposit  takes 

place,  and  assuming  that  the  gradual  rising  and  ultimate 

reclamation  of  marsh  land  excludes  a  given  quantity  of 

Tidal  water      tidal  Water,  it  is  important  to  consider  in  how  far  such 

6xclu(i6(l  bv 

deposit  must  be  abstraction  of  water  is  counterbalanced  by  the  naviga- 

counterbalanced  ,.  ,  ,  p   ,,  •  i  ,•  r»    .1  .  . 

by  water         tion  works,  and  on  a  lull  consideration  or  the  matter 
tvoTks.^    ^      it  will  be  found  that  the  compensation  afforded  by  well- 
designed  works  is  very  much  greater  than  is  generally 
supposed. 

I  have  already  said,  at  page  260,  in  considering  the 
question  of  scouring  power,  that  the  aggregate  annual 
effect  of  the  additional  tidal  water  gained  by  the  opera- 
tions on  the  Tay  by  lowering  the  low- water  line  was  equal 
to  two  months'  flow  of  the  river  in  its  ordinary  state.  I 
have  also  shown  at  page  326  that  the  water  so  gained 
acts  on  the  low- water  channel,  and  is  therefore  calculated 
to  produce  what  may  be  called  the  maximum  scouring 
power.  As  we  are  now  speaking  of  land  reclamation,  it 
may  be  well  still  further  to  consider  what  relation  this 
additional  scouring  water  bears  to  the  sheets  of  shallow 
water  which  are  spread  over  extensive  areas  when  covered 
by  high  tides.  Perhaps  I  shall  best  give  an  idea  of  this 
by  stating  one  or  two  examples  from  actual  practice. 

As  regards  the  Tay,  we  have  seen  that  the  additional 
quantity  of  water  space  filled  and  emptied  every  tide  is 
one  million  cubic  yards,  and  this  occurs  706  times  in  the 
year.  Now,  it  is  interesting  to  ascertain  in  such  a  case 
what  area  of  land  could  be  enclosed  without  impairing 
the  beneficial  effect  of  the  tidal  scour.  Assuming  that 
the  marsh  lands  proposed  to  be  enclosed  may  have  been 
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covered  five  times  during  each  set  of  spring-tides,  or  say 
125  times  during  the  year,  to  the  average  depth  of  1  foot, 
the  effect  produced  upon  the  navigation,  by  the  acquired 
and  abstracted  tidal  water,  may  be  expressed  in  the 
following  manner : — 

Founding  on  the  formula,  S  oc  V  T,  already  given  at 
p.  326, 

Cubic  Yards. 

Let  VT  =  the  acquired  water,  viz.,  1,000,000  x  706  =  706,000,000 
and  vt  the  abstracted  water  per  |       43,560  x  1 

acre  of  reclaimed  land,  ]  ^  27  x  125  =  201,625 

.       VT      706,000,000      „^^^ 
""^^   W"  ^-      201,625      =  ^^^^  **'''®^ 

— thus  showing  that  the  improvements  effected  on  the 
river  were  such  as  to  allow  of  the  reclamation  of  3502 
acres  of  land  at  the  level  referred  to,  without  diminish- 
ing the  original  scouring  effect  of  the  tidal  water.  In 
other  words,  on  the  Tay,  there  might  be  enclosed  an  area 
of  marsh  land  covered  to  the  average  depth  of  1  foot 
during  spring-tides,  equal  in  extent  to  the  whole  sur- 
face of  the  river  from  Perth  down  to  fuily  2  miles 
below  Newburgh,  before  excluding  an  amount  of  water, 
equal  to  the  aggregate  quantity  brought  in  by  the  navi- 
gation works. 

On  the  Ribble,  also,  additional  tidal  water,  amounting  increase  of 

tidal  water  at 

to  1,745,000  cubic  yards,  has  been  admitted  by  the  the  Ribbie. 
lowering  of  the  river,  and,  applying  simQar  calculations, 
this  represents  an  extent  of  marsh  land  of  at  least  5484 
acres,  being  equal  to  the  whole  area  of  the  estuary  from 
Preston  to  about  a  quarter  of  a  mile  below  the  Naze 
Point.  It  wiU  thus  be  seen,  that,  even  if  we  assume  the 
land  to  be  covered  to  a  greater  average  depth  than  1  foot, 
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there  is  ample  room  for  reclamation,  within  certain  limits, 
on  properly  treated  tidal  estuaries,  with  advantage  both 
to  the  interests  of  the  navigation  and  the  proprietors  of 
land. 
Adjoining  pro-         It  is  obviouslv  hiofhlv  important  if  the  two  obiects 

perty  benefited  ,  ./         &      J  r  ^  j 

by  river  of  vivcr  and  land  improvement  can  be  carried  on  simul- 

improvements. 

taneously  ;  and  to  a  large  extent  this,  as  has  been  shown, 
is  perfectly  practicable.     The  attempts  of  proprietors  to 
protect  the  foreshores  of  their  lands  from  the  encroach- 
ments of  rivers  in  tidal  estuaries  are  often  attended  with 
great  expense ;  and  if  those  efforts  prove,  for  some  time, 
effectual   in  warding  off  the  approach  of  the   channel, 
the  land  speedily  takes   on   vegetation,   and   is   fit  for 
pasture.    But  the  tenure  by  which  such  property  is  held  is 
often  very  slight ;  and  the  spot  which  to-day  affords  graz- 
ing for  cattle  may  in  a  few  tides  become  the  navigable 
channel  of  the  river.     Now  it  is  obvious  that  the  perfect 
protection  from  such  encroachments,  afforded  by  the  ti-ain- 
ing  and  guiding  of  the  low  channel  by  longitudinal  walls, 
adds  materially  to  the  value  of  the  adjoining  property ; 
•    for  not  only  is  the  land  beyond  high-water  mark  com- 
pletely  protected    from    encroachment,    but   the    marsh 
lands  bordering  the  estuary  become,  in  fact,  permanent 
property,  and  not  an  ever-changing  benefit,  held  for  one 
year  and  probably  lost  the  next.     Marsh  lands  so  pro- 
tected from  waste  are  still,  it  is  true,  liable  to  be  flooded 
by  high  tides, — a  circumstance,  however,  which  is  con- 
sidered by  some  persons  not  injurious,  but  rather  bene- 
ficial for  marsh  pasturage. 
Processor  The  process  of  land   reclamation   according   to  this 

land-making. 
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method  is  generally  termed  "  warping."  The  tide  is  per-, 
mitted  to  flow  freely  over  the  surface,  and  whatever 
matter  is  deposited  at  slack  tide  contributes  to  the  accre- 
tion, so  that  the  rate  at  which  the  process  of  reclamation 
goes  on  must  depend  on  the  quantity  of  matter  held  in 
suspension  and  the  shelter  of  the  situation,  so  as  to  give 
sufficient  duration  of  still  water  for  deposit.  Sometimes 
the  land- making  is  hastened  by  forming  banks  with 
sluices,  and  retaining  the  water  till  it  deposits  the  whole 
of  the  matter  in  suspension,  and  then  permitting  it  to 
run  ofi"  slowly. 

The  amount  of  matter  held  in  suspension  varies,  as 
may  be  readily  supposed,  in  different  estuaries ;  in  some 
situations  it  is  derived  from  the  action  of  the  sea  on  a 
wasting  line  of  coast,  in  others  from  alluvial  matter 
brought  down  by  the  river,  and  in  most  cases,  perhaps, 
from  both  of  these  sources  of  supply.  The  size  of  detrital 
particles  which  are  carried  by  the  currents  of  estuaries 
depends  on  the  velocity  of  the  stream,  the  nature  of  the 
bottom  along  which  the  detritus  is  moved,  as  well  as  the 
shape  of  the  particles  of  which  the  detritus  itself  is  com- 
posed, and  is  altogether  a  subject  so  dependent  on  special 
circumstances,  that  it  is  impossible  to  lay  down  rules 
which  can  be  generally  applicable.  T  may,  however,  state 
a  rule  which  I  have  found  to  apply  to  the  Dee,  Kibble, 
Lune,  and  Wear,  and  which  I  believe  to  be  generally 
applicable.  It  is,  that  in  all  tidal  estuaries  the  heavier 
sands  and  deposits  are  found  on  the  banks  at  the  mouth  o/"  Heaviest 

.  7  •    7  7     niatters  in  tidal 

the  estuary,  and  the  particles  are  lighter  as  we  recede  estuaries  found 
inwards.     I  have  tested  this  on  the  rivers  above  men- 
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tioned,  and  others,  by  agitating  equal  quantities  of  sand 
and  deposit  (taken  from  different  parts  of  the  tidal 
estuary)  in  equal  quantities  of  water,  and  observing  the 
time  which  elapsed,  in  each  case,  before  the  materials 
were  deposited  and  the  water  assumed  a  state  of  purity. 

The  result  of  these  observations  proved  that  the  sand 
of  outer  or  seaward  banks,  where  the  currents  were 
strong,  was  composed  of  large  particles,  held  in  suspen- 
sion only  a  few  seconds,  while  in  the  inner  parts  of  the 
estuary  the  deposit  decreased  in  weight,  and  generally 
that  it  decreased  from  low  to  high  water  where  the 
currents  were  weak  and  where  the  silt  was  exceedingly 
fine,  and  remained  in  suspension,  in  some  cases,  even  for 
hours  after  the  agitation  of  the  water. 

It  will  be  seen  that  the  rule  I  have  stated  is  at 
variance  with  that  propounded  by  Frisi,  and  also  by 
Sir  H.  de  la  Beche,^  in  the  following  terms : — "  Where 
the  velocity  of  a  liver  is  sufficient  to  produce  attrition  of 
the  substances  which  it  has  either  torn  up,  collected  by 
undermining  its  banks,  or  which  have  fallen  into  it,  they 
gradually  become  more  easy  of  transport,  and  would,  if 
the  force  of  the  current  continued  always  the  same,  be 
forced  forward  until  the  river  delivered  itself  into  the 
sea ;  but  as  the  velocity  of  a  current  greatly  depends  on 
the  fall  of  the  river,  the  transport  is  regulated  by  the 
inclination  of  the  river's  bed.  Now  it  is  well  known 
that  this  inclination  varies  materially  even  in  the  same 
river,  so  that  it  may  be  able  to  carry  detritus  to  one 
situation,  but  may  be  unable  to  transport  it  further,  under 

^  De  la  Beche's  Oeological  Manual. 
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ordinary  circumstances,  in  consequence  of  diminished  • 
velocity.  As  a  general  fact,  it  may  be  fairly  stated  that 
rivers,  where  their  courses  are  short  and  rapid,  bear 
down  pebbles  to  the  seas  near  them,  as  in  the  case  of  the 
Maritime  Alps,  etc. ;  but  that  where  their  courses  are 
long,  and  change  from  rapid  to  slow,  they  deposit  the 
pebbles  where  the  force  of  the  stream  diminishes,  and 
finally  transport  mere  sand  or  mud  to  their  mouths,  as 
is  the  case  with  the  Rhone,  Po,  Danube,  Ganges,  etc." 
This  holds  true  in  the  case  of  such  rivers  as  those  to 
which  Sir  H.  de  la  Beche  refers  ;  but  it  will  be  found,  as 
I  have  stated,  that  the  case  is  exactly  reversed  in  tidal 
estuaries. 

The  following  are  results  deduced  from  experiments  size  of  particles 

which  streams 

made  by  Bossut,  Dubuat,  and  others,    on   the   size  of  are  capable  of 

carrying. 

detrital  particles  which  streams  flowing  with  different 
velocities  are  said  to  be  capable  of  carrying  : — 

3  in.  per  sec.  =  0i70    mile  per  hour,  will  just  begin  to  work  on 

fine  clay. 
6„        „       =0-340      do.,  will  lift  fine  sand. 
8  „        „       =0-4545    do.,  will  lift  sand  as  coarse  as  linseed. 
10  „        „       =05  do.,  will  lift  gravel  the  size  of  peas. 

12  „        „       =0*6819    do.,  will  sweep  along  gravel  the  size  of 

beans. 
24  „        „       =  1-3638    do.,  will  roll  along  rounded  pebbles  1  inch 

in  diameter. 
3  ft.       „       =2045      do.,   will  sweep    along  slippery  angular 

stones  of  the  size  of  a  hen's  egg. 

The  following  experiments,  made  by  Mr.  T.  Login, 
C.E.,  are  given  in  the  Proceedings  of  the  Royal  Society 
of  Edinburgh,  vol.  iii.  p.  475.     They  were  made  with  a 
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stream  seldom  exceeding  half  an   inch   in   depth ;   and 
are  as  follows  : — 


Nature  of  Materials. 

Rate  of  sink- 
ing in  water. 

Current  required  to  move. 

Brick-clay  when  mixed  with  water,  '\ 
and  allowed  to  settle  for  half-an-  >- 

Feet  per 
minute. 

•566 

Feet  per 
minute. 

15 

Mile  per 
hour. 

•170 

hour,       .         .         .          .         .J 

Fresh-water  sand, 

10 

40 

•454 

Sea-sand,     ..... 

11-707 

66-22 

•752 

Rounded  pebbles  about  the  size  of  \ 

peas, j 

Vegetable  soil,     .... 

60 

120 
50 

r37 

•56 

Brick-clay  in  its  natural  state  was  not  moved  by  a  current  of 
128  feet  per  minute,  or  1-45  mile  per  hour. 

In  1823  Sir  John  Leslie  published  the  formula 
V  =  4  Vc/,  where  v  =  velocity  in  miles  per  hour  and 
c?  =  diameter  in  feet  of  a  stone  which  the  current  is 
capable  of  carrying ;  thus — A  torrent  with  a  velocity  of 
8  miles  an  hour  would  be  capable  of  rolling  a  stone 
4  feet  in  diameter,  but  a  stream  gliding  at  the  rate  of 
2  miles  an  hour  would  only  be  sufficient  to  carry  along 
with  it  a  pebble  of  3  inches  in  diameter,  or  it  would  only 
require  the  velocity  of  a  current  to  be  doubled  to  move 
particles  of  64  times  the  weight.  Mr.  Wilfrid  Airy  has 
investigated  this  subject  of  scouring  power,  and  from  his 
formulae,  in  vol.  Ixxxii.  of  the  Minutes  of  the  Proceedings 
of  the  Institution  of  Civil  Engineers,  it  will  be  seen  that 
he  comes  to  the  same  conclusion  as  Sir  John  Leslie, 
namely,  that  the  scouring  power  varies  as  the  sixth  power 
of  the  velocities ;  and  Mr.  Henry  Law  has  shown  that 
the  result  is  the  same,  whether  the  form  be  a  cube  or  a 
sphere,  or  be  rolled  over  or  assumed  to  slide. 
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The   following   statement   of  experiments   made   by  weight  of  de- 
Messrs.  Stevenson  on  materials  dredged  from  the  bed  of  JS' of  the  * 
the  Clyde   below    Port-Glasgow   shows   the    variety  of    ^ 
materials  found  in  the  same  stream,  and  is  valuable  as 
a  record  of  the  weight  of  the  deposits  which  form  the 
beds  of  our  tidal  rivers : — 

Lbs. 
1  cubic  foot  of  black  mud, 94| 

„  pressed  with  837  lbs.,         95| 

boulder  clay  or  till,  .         .         .         .120 

pressed       „  .  128^       Lbs. 

sand  with  a  few  shells,      .         .         .  120 1  to  121 

pressed       „  .122    to  122 J 

very  hard  boulder  clay  with  stones,  .  127^ 

„  pressed  with  837  lbs.,  133J  to  134 

I  found  the  gravel  of  the  Tay  to  be  18  feet  to  the  ton. 

The  quantity  of  solid  matter  carried  or  held  in  sus-  Quantity  of 

matters  held  in 

pension  by  rivers  has  also  been  made  the  subject  of  obser-  suspension  by 

different  rivers. 

vation.  Different  observers  whose  remarks  have  come 
under  my  notice  have  stated  their  results  in  different 
ways,  some  giving  the  weight  and  others  the  hulk  of 
detritus.  Thus  Mr.  EUet  says  that  the  sedimentary 
matter  transported  by  the  Mississippi  forms  •ycVtjt'li  P^^t 
of  the  volume  discharged  by  the  river.*  Mr.  T.  Login, 
C.E.,  Pegu,  states,  in  a  paper  on  the  Delta  of  the 
Irrawaddy,  read  before  the  Royal  Society  of  Edinburgh, 
session  1857,  that  the  waters  of  the  Irrawaddy  contained 
Y^Wth  part  of  their  weight  of  sediment  during  floods, 
and  -s^^^th.  part  of  their  iceight  when  the  river  was  in 
a  low  state,  and  gives  the  mean  deposit  at  8  inches  per 
cubic  yard.     Mr.  Leonard  Homer  found  that  the  water 

*  Ellet,  On  the  Ohio  and  Mississippi, 


364  CANAL   AND   RIVER  ENGINEERING. 

of  the  Rhine  at  Bonn  contained  from  Trz^jsj^th  part  of  its 
weight  during  floods  to  ^^^^^^th  part  of  its  weight  in 
a  low  state.  ^  Captain  Denham  found  that  the  tidal 
water  of  the  Mersey  contained  29  cubic  inches  of  solid 
matter  in  every  cubic  yard  during  flood-tide,  and  33 
cubic  inches  in  every  cubic  yard  during  ebb-tide.^  Sir 
Charles  Lyell  says: — "  Hartsaeker  computed  the  Rhine  to 
contain,  when  most  flooded,  1  part  in  100  of  mud  in  sus- 
pension. By  several  observations  of  Sir  George  Staun- 
ton, it  appeared  that  the  water  of  the  Yellow  River  in 
China  contained  earthy  matter  in  the  proportion  of  1 
to  200.  Manfredi,  the  celebrated  Italian  hydrographer, 
conceived  the  average  proportion  of  sediment  in  all 
running  water  to  be  xi^^^-  Some  writers,  on  the  con- 
trary, as  De  Maillet,  have  declared  the  most  turbid 
waters  to  contain  far  less  sediment  than  any  of  the  above 
estimates  would  import ;  and  there  is  so  much  contra- 
diction and  inconsistency  in  the  facts  and  speculations 
hitherto  promulgated  on  the  subject,  that  we  must  wait 
for  additional  experiments  before  we  can  form  any  opinion 
on  the  subject."^  Boccardo  says  that  the  volume  of  sohd 
matter  in  the  Po  is  sometimes  x^u^^  ^^  ^^®  volume  of 
water  discharged.  Sir  Charles  Hartley  states  that  the 
Danube  varies  from  12  to  840  grains  per  cubic  foot.* 

Assuming  1 8  cubic  feet  of  solid  matter  to  weigh  a  ton, 
the  following  table  presents  a  fair  view  of  the  cubic  mea- 
sure of  solid  matter,  and  the  ratios  of  volume  and  weight 

1  Arcana  of  Science  and  Art,  1835. 

*  Ob«ervation«  on  the  Mersey,  by  Captain  H.  M.  Denham,  R.N.,  Liverpool,  1840. 
5  Principles  of  Qeolo(jy,  by  Charles  Lyell,  F.R.S.,  London,  1830,  vol.  i.  p.  247. 

*  Hartley,  On  Inland  Naviijation  of  Europe,  p.  38. 
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in  each  case.  In  submitting  this  table,  I  must  observe 
that  the  discrepancies  in  the  statements  are  so  great  that 
further  obsers'ations  are  necessary  before  any  satisfactory 
conckision  can  be  arrived  at ;  but  I  give  the  results  as 
they  have  been  stated  by  their  respective  authorities : — 


Name  of  River. 

Cnbic  inches  of 

aolid  matter  in 

erery  cubic  yard 

of  water. 

Ratios  of  volume 

of  solid  matter 

to  volume  of 

water. 

Ratios  of  weight 

of  solid  matter 

to  weight  of 

water. 

Misnssippi,  mean, 
Irrawaddy,  in  flood. 

Do.,  ordinary  state 
Rhine,  in  flood. 

Do.,  ordinary  state 

Do.,  mean, 
Mersey,  flood-tide. 

Do.,  ebb-tide, . 

155 

11-71 
41 
1-87 
113 
1-5 

29- 

33- 

TOTTXf 

S»84 

1 

1 
T5TT 

1 
1700 

1 

1137S 

I 

24d4» 

1 

1 
31104 

ieo9 
1 

IS  500 
1 

20734 

1 

18S»9 
817)  alt 

1413 

From  this  table  it  appears  that  the  Rhine,  as  com- 
pared with  the  others,  is  exceedingly  pure  ;  while  the 
waters  of  the  Mersey,  on  the  other  hand,  hold  in  suspen- 
sion a  very  large  amount.  It  must  be  kept  in  view,  how- 
ever, that  the  source  whence  the  sedimentary  matter  in 
the  Mersey  is  derived  is  very  different  from  any  of  the 
other  cases  mentioned  in  the  table.  The  main  part  of 
the  solid  matter  in  suspension  in  the  Mersey,  and  indeed 
in  all  our  tidal  rivers,  is  sand,  stirred  up  by  the  flowing 
tide,  and  deposited  again  during  the  ebb-tide.  The  sedi- 
mentary matters  in  such  rivers  as  the  Mississippi  or  the 
Irrawaddy,  on  the  other  hand,  are  borne  down  from  the 
low  tracts  of  alluvial  country  through  which  it  flows,  and 
form  a  constant  and  consequently  increasing  deposit  at 
the  lower  parts  of  the  river. 
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Formation  of  In  all  cases  where  the  tidal  currents  across  the  mouths 

deltas  in  tide-         n       .  i  >  ■,  ■,  ^  i,  -i-i 

less  seas.  01  rivcrs  are  languid  or  altogether  absent,  as  ui  tne 
Mississippi,  the  Nile,  the  Danube,  the  deposits  brought 
down  are  not  carried  away,  but  form  deltas,  which  collect 
with  greater  or  less  rapidity  in  proportion  to  the  quantity 
of  material  brought  down  and  the  depth  of  water  in  which 
it  is  deposited.  Mr.  Ellet  computes  the  delta  of  the 
Mississippi  at  40,000  square  miles  in  extent,  its  average 
length  from  north  to  south  being  500  miles.  Assuming 
the  sedimentary  matter  brought  down  at  ^xnjth  of  the 
volume  of  water,  and  the  discharge  of  the  river  at 
21,000,000,000,000  cubic  feet  per  annum,  he  estimates 
that  this  vast  accretion  of  deposited  stuff  must  have 
formed  at  an  average  rate  of  1  mile  in  99  years,  giving  a 
period  for  its  entire  formation  of  something  like  45,000 
years !  Sir  H.  de  la  Beche  has,  however,  with  reason, 
suggested  that  deltas  would  increase  most  rapidly  at  the 
first  period  of  their  formation,  on  account  of  the  greater 
declivity  of  the  river,  and  the  supposition  that  the 
detritus  from  the  interior  would  become  gradually  less, 
from  the  equalisation  of  levels  and  the  fewer  asperities 
that  agents  have  to  act  on ;  and  thus  it  seems  impossible 
to  calculate  from  the  present  rate  of  accretion  the  time 
which  the  whole  mass  has  taken  to  accumulate. 

The  depth  of  deposit  annually  left  on  the  shores  of 
estuaries  varies  as  much  as  the  amount  held  in  suspension 
by  the  waters.  M.  Bouniceau^  states  that  marshes  on 
the  Seine  require  twelve  years  to  rise  to  the  level  of  high 
water,  and  gives  thirty  years  for  a  similar  action  to  take 

^  Constructions  d  la  Mer,  par  M.  Bouniceau,  p.  185. 
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place  on  the  Bay  of  Vays,  and  eighty  years  on  the 
Scheldt.  Similar  variations  are  to  be  found  in  state- 
ments made  by  various  authors. 

Mr.  Oldham  states  that  at  the  Humber  the  reclama- 
tion is  hastened  by  constructing  a  temporary  or  prelimi- 
nary bank  with  a  sluice,  and  permitting  the  tidal  water  to 
flow  over  the  land  at  high  water,  when  the  sluice  is  closed, 
and  the  whole  of  the  mud  held  in  suspension  deposited, 
after  which  the  sluice  is  raised  so  as  to  allow  the  water  to 
escape,  leaving  behind  its  load  of  rich  deposit.  In  this 
way  he  obtained  in  2j  years  a  deposit  of  3  feet. 

The  most  rapid  deposit  which  has  come  under  my 
notice  was  near  the  mouth  of  the  Avon,  at  the  Severn, 
where  the  channel  between  Dumball  Island  and  the  shore 
was  silted  up  to  the  extent  of  32  feet  in  7  years.    Fig.  66  Banks  raised 

by  traiiiing  the 
stream. 

n 


Fio.  66. 

represents  a  section  of  a  stream  where  the  summer  water 
channel  was  deepened  and  confined  by  longitudinal  walings 
for  sanitary  purposes.  The  river  when  in  flood  raised  the 
banks  on  either  side  about  3  feet  in  seventeen  years,  the 
stuff  being  deposited  in  regular  layers  of  sand  and  silt. 
The  banks  having  attained  the  height  represented  in  the 
cut,  the  floods  act  on  the  sides  of  the  channel,  and  waste 
away  the  accumulations  that  have  been  gradually  made  ; 
and  this  wasting  action  no  doubt  goes  on  until  the  sec- 
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tional  area  is  large  enough  to  allow  the  ordinary  floods  to 
pass  off  without  a  velocity  sufficient  to  carry  away  the 
banks.  The  dotted  line  represents  the  original  channel, 
the  hard  line  the  deposited  banks,  and  the  hatched  por- 
tion what  is  occasionally  wasted  away. 
Level  of  vegeta-        The  proccss  of  reclamation  in  all  cases  goes  on  very 

tion  on  marsh  o  ^ 

lands.  slowly  after  it  has  reached  a  certain  stage,  because  as 

the  banks  rise  they  are  more  seldom  covered  by  the 
tide,  and  moreover  the  materials  deposited  on  the  inner 
and  higher  parts  of  the  banks  are,  as  already  stated, 
exceedingly  fine,  being  carried  only  by  the  slack  water 
of  the  highest  tides,  which  seldom  reach  them.  Mr. 
Park  has  found  on  the  Ribble  the  first  indications  of 
vegetation  to  appear  about  the  level  of  high  water  of 
neap-tides,  and  this  corresponds  with  my  own  observa- 
tions at  other  places.  Mr.  Gordon  ^  also  found  that  in 
the  Norfolk  estuary  "  the  samphire  began  to  settle  on 
the  sands  which  the  neap-tides  just  cover,"  and  that 
"  grass  began  to  grow  about  one  foot  above  the  samphire 
level,"  so  that  the  level  stated  may  safely  be  taken  as 
that  at  which  vegetation  commences  on  the  estuaries  of 
this  country.  The  surface  will  gradually  rise  by  suc- 
ceeding deposits,  till  at  last  it  reaches  nearly  the  limit 
of  high-water  spring-tides,  which  I  have  found  to  be  the 
height  of  different  marsh  lands.  Mr.  Mitchell  has  found 
the  same  result  in  the  United  States,  as  on  comparing 
the  height  of  different  marsh  lands  their  level  corre- 
sponded to  that  of  "  the  ordinary  high- water  level."' 

*  Report  on  Norfolk  Estuary,  by  L.  I).  B.  Gordon,  C.E.,  GlMgow,  1856. 

*  On  tlie  Reclamation  of  Tide  Lands,  1869. 
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Fig.  67  is  a  section  illustrating  the  manner  in  which 
such  marsh  lands  are  formed.  The  upper  portion  nearly 
at  the  level  of  high  water  is  what  is  called  in  England 
"  salt  marsh,"  or  "  outmarsh,"  and  in  Scotland  simply 
"marsh,"  and  is  fit  for  grazing.  In  some  places  it  is 
covered  with  reeds.  Below  this  level  to  half  tide  the 
surface  is  covered  with  occasional  patches  of  samphire ; 
farther  down  there  is  what  is  called  "  slob,"  consisting  of 
sand  covered  with  mud ;  and  lower  down  there  is  sand, 
more  or  less  pure  according  to  the  situation. 

The  surfaces  of  these  naturally  formed  tracts  of 
ground  are,  as  may  be  gathered  from  what  has  been 
said,  on  a  pretty  high  level.  I  found  the  marshes  of 
Salt-area,  Coleway,  Ovangle,  and  Overton  on  the  Lune, 
and  of  Clifton,  Howie,  and  Hesketh  on  the  Ribble,  to 
average  about  a  foot  below  high  water  of  ordinary  spring- 
tides. 

In  connection  with  this  gradual  accretion  and  forma- 
tion of  land,  and  the  sudden  changes  which,  if  unpro- 
tected, it  sometimes  is  destined  to  undergo,  it  may  be 
interesting  to  the  geologist  to  state,  as  having  come 
under  my  own  observation,  that,  as  already  stated,  a  sand- 
bank covered  by  every  tide  may,  by  a  happy  diversion 
of  the  river,  become  in  a  few  years  useful  pasture  land  ; 
while,  on  the  other  hand,  by  another  capricious  change 
of  the  river's  course,  the  apparently  permanent  pasture 
meadow,  the  growth  of  years,  may  suddenly  disappear  in 
a  few  tides,  and  land  fit  for  grazing  to-day  may  to-morrow 
once  more  be  the  main  channel  of  the  river.  Instances 
of  such  sudden  changes  I  have  witnessed  both  on  the 
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Ribble  and  the  Lune  before  the  courses  of  these  rivers 
were  controlled  and  du-ected  by  proper  works. 

I  have  shown  that  the  erection  of  training- walls,  such 
as  shown  in  fig.  67,  by  guiding  the  river,  and  thus  im- 
proving the  navigation,  may  at  the  same  time  greatly 
promote  the  interests  of  agriculture,  by  rendering  such 
wholesale  destruction  as  that  to  which  I  have  alluded 
impossible,  and  by  converting  reclaimed  marsh  land  into 
permanent  property. 

On  the  Tay  and  at  other  places  the  process  of  warping 
is  hastened  by  driving  double  rows  of  open  pile-work,, 
and  filling  the  intervening  space  with  fagots  of  brush- 
wood, weighted  down  with  stones,  and  as  the  surface  rises 
additional  fagots  are  laid  down,  till  the  whole  is  suffi- 
ciently elevated  to  warrant  the  exclusion  of  the  water.  Sir 
John  Richardson  has  paid  much  attention  to  this  on  the 
Tay,  and  has  communicated  his  experience  to  the  Highland 
and  Agricultural  Society's  Transactions.^  He  advocates 
especially  the  filling  up  of  runs  or  waterways  caused  by 
the  nnming  off  of  the  receding  tide,  by  running  lines  of 
stakes  and  fagots  across  them,  and  advises  that  these  cross 
lines  of  stakes  should  be  made  lower  in  the  centre,  with  a 
rise  towards  both  ends,  so  as  to  prevent  the  water  from 
escaping  round  the  ends,  and  so  forming  new  channels. 
He  also  strongly  recommends  all  surface  water  from  the 
adjoining  land  to  be  led  by  catch-water  drains  clear  of  the 
land  proposed  to  be  enclosed,  or,  if  that  be  impracticable, 
by  a  properly  constructed  outlet  through  it,  so  as  in  any 
case  to  prevent  the  water  flowing  over  the  surface  of  the 

1  Series  ii.  vol.  vi.  p.  298. 
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marsh  or  slob  land.  Sir  John  Richardson  tried  very 
successfully  the  planting  of  small  patches  of  bulrushes 
over  the  slob  land ;  but  from  my  experience  as  to  the 
growth  of  vegetation  in  such  situations  as  above  stated, 
the  planting  of  patches  of  bulrushes  or  marsh  samphire 
need  not  be  attempted  at  a  lower  level  than  about  the 
high  water  of  neap-tides,  and  it  does  not  appear  that  this 
was  done  on  a  lower  level  on  the  Tay.  The  tenure  by 
which  such  marsh  lands  are  held  has  been  shown  to  be 
uncertain,  excepting  in  estuaries  where  the  river  is  con- 
fined by  training-walls ;  but  even  after  such  navigation 
works  have  been  executed,  the  land  is  still  submerged  by 
every  high  tide,  and  though  this  is  not  found  to  injure  it 
for  pasture,  it  renders  it  quite  unavailable  for  tillage  with- 
out works  specially  constructed  to  afford  protection  from 
floods,  and  provide  for  effectual  drainage.  The  erection 
of  all  such  works  cannot  be  too  carefully  considered,  and 
even  after  they  have  been  constructed  they  have  to  be 
closely  watched,  and  are  often  kept  in  repair  at  a  con- 
stantly recurring  expenditure. 
Time  when  In  making  estuarial  reclamations,  it  is  of  importance 

are  fit  for  to  determine  how  soon  marsh  land  may  be  considered  fit 
for  enclosure  ;  and  on  this  point  my  experience  leads  me 
to  conclude  that  it  is  in  general  inexpedient  to  attempt 
to  enclose  land  by  permanent  banks  untU,  by  gradual 
deposit  and  subsequent  accumulation  due  to  the  decay  of 
vegetable  matter,  its  surface  has  reached  about  the  level 
of  high  water  of  ordinary  spring-tides.  I  do  not  say  it 
may  not  be  done  before  this  level  is  reached,  for  land 
has,  within  my  own  knowledge,  been  enclosed  at  a  con- 
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siderably  lower  level  on  some  parts  of  the  Tay,  where 
the  marshes  covered  by  reeds  in  sheltered  places  were 
found  to  be  fit  for  enclosure,  though   covered   to   the 
extent  of  from  3  to  4  feet  at  high  water,   and  on  the 
Forth  still  lower  slob  lands  have  been  enclosed.     But,  as 
a  general  rule,  it  is  safe  to  assume  that  the  higher  the 
level  of  the  land  the  greater  is  the  chance  of  projitahle 
reclamation.     The  inducement  to  place  a  protecting  bank 
in  deep  water  is,  of  course,  the  enclosure  of  as  large  an 
area  as  possible.     But  greater  extent  of  area  may  prove 
of  little  or  no  advantage  if  the  larger  portion  of  the 
enclosure  is  mere  "  slob  "  on  a  low  level,  requiring  a  long 
period   for   its   accretion.      Above   all,    such   enclosures 
require  banks  of  great  height  and  strength,  which  are 
more  liable  to  be  damaged,  both  in  the  course  of  con- 
struction and  after  completion,  than  a  more  unpretend- 
ing, but  perhaps  in  the  end  far  more  useful,  work  formed 
in  shallower  water.     I  have  found,  in  estimating  the  cost 
of  banks  proposed  to  be  made  on  a  low  level,  that  the 
agricultural  gain  was  not  commensurate  with  the  cost 
and   risk   attending   their   construction,   while   in   some 
cases  they  would  have  proved  prejudicial  to  navigation. 
Speaking  generally,  indeed,  proposals  to  build  banks  in 
deep  water  including  a  large  extent  of  "  slob  "  have,  in 
my  experience,  been  found  to  be  fallacious.     But  even 
though  the  reclamation  be   restricted  to  marshes   that 
have  attained  a  pretty  high  level  and  a  fair  solidity  of 
surface,   there   are   low '*gulleys"  or  "swash-ways,"  as 
they  are  variously  locally  termed,  kept  open  and  deep  by 
the  flowing  and  receding  tide ;  and  if  these  guUeys  are 
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large,  it  is  often  troublesome  to  carry  the  embankments 
across  them,  for,  as  the  opening  comes  to  be  contracted 
by  the  gradual  formation  of  the  bank,  the  scour  and 
depth  of  water  are  increased.  In  dealing  with  such  cases, 
it  may  be  found  advisable,  instead  of  closing  the  gap 
by  extending  the  bank  from  either  side,  to  deposit  on  the 
bottom  fascines  loaded  with  stones,  and  to  bring  up  the 
whole  surface  of  the  bank  across  the  gulley  gradually. 

In  making  enclosures  in  front  of  rapidly  rising  high 
land,  difficulty  may  be  experienced  in  consequence  of 
land  water  from  a  higher  level  finding  outlets  within  the 
embankment,  and  thus  interfering  with  the  thorough 
drainage  of  the  reclaimed  land, — an  inconvenience  which 
is  not  so  hkely  to  occur  in  such  enclosures  as  are  made  in 
front  of  low-lying  tracts  of  country. 

The  time  that  must  elapse  before  such  enclosures 
may  be  expected  to  become  ready  for  the  exclusion  of 
the  tidal  waters  must,  as  we  have  seen,  vary  with  the 
situation,  the  rate  of  accretion  depending  on  the  amount 
of  suspended  matter  in  the  water,  and  other  circum- 
stances ;  and  even  after  the  exclusion  of  the  tide,  a  con- 
siderable period  elapses  before  the  land  is  ready  for 
tillage.  Many  extensive  tracts  of  "salt  marshes"  are 
never  enclosed,  and  although  covered  to  a  depth  varying 
from  a  few  inches  to  a  foot  during  high  tides,  they  afford 
excellent  pasture.  But  if  the  land  is  to  be  cropped,  the 
water  must,  as  already  noticed,  be  wholly  excluded. 

The  treatment  of  reclaimed  marsh  or  slob  lands,  in 
order  to  fit  them  for  the  purpose  contemplated  by  their 
enclosure,  belongs  specially  to  agriculture,  and  not  to 


RECLAMATION   AND  PROTECTION   OF  LAND.  375 

engineering,  and  I  am  unable  to  offer  any  opinion  which 
could  be  of  any  value  on  that  subject ;  but  the  subject 
has  been  very  fully,  and  I  should  think  judiciously, 
treated  by  the  late  Mr.  John  Wiggins,  F.G.S.,  in  his 
treatise  on  "  Embanking  Lands  from  the  Sea,"  to  which 
I  refer  the  reader,  as  well  as  to  Reclamation  and  Protec- 
tion of  Agricultural  Land,  p.  23. 

Even  with  all  the  difficulties  that  beset  the  subject, 
there  can  be  no  doubt  that  the  daily  recurring  sight  of 
large  tracts  of  banks  left  high  and  dry  by  the  receding 
tide,  suggests  the  very  natural  idea  of  easily  excluding 
the  sea  and  extending  the  land.  It  is  difficult,  indeed, 
to  suppose  that  any  proprietor  on  the  banks  of  a  tidal 
estuary  can  be  indifferent  to  such  a  prospect  of  adding  to 
his  fields,  and  hence  attempts  at  reclamation  works 
on  varying  scales  of  magnitude  are,  we  may  say,  almost 
universal.  But  though  the  process  may  seem  easy,  and 
the  object  very  tempting,  it  is  a  great  mistake  to  suppose 
that  these  estuarial  tide-covered  banks  can,  in  all  cases, 
be  converted  into  arable  or  even  pasture  land  at  a  cost 
commensurate  with  their  future  agricultural  value,  or  to 
assume  that,  in  order  to  increase  the  arable  land  of  the 
country,  all  we  have  to  do  is  to  steal  it  from  the  ocean. 
On  the  contraiy,  as  shown  by  practical  experience,  the 
return  for  investment  of  capital  on  such  improvements  is 
always  uncertain,  and  has  proved  in  many  eases  utterly 
insufficient.  Some  instances  I  have  found  of  reclama- 
tions, on  a  small  scale,  in  favourable  situations,  being 
highly  satisfactory,  while  similar  works  in  less  favourable 
localities   have   not   proved    so    successful.      It   further 
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appears  that  the  larger  class  of  modern  reclamations  do 
not  as  yet  seem  to  have  afforded  very  satisfactory 
financial  results  when  viewed  as  agricultural  schemes. 
While  the  most  successful  reclamations  are  those  where, 
in  the  first  instance,  the  foreshore  has  been  accreted  by 
extensive  training-walls,  constructed  to  improve  navi- 
gations, and  having  the  effect  of  raising  the  banks  on 
either  side  of  the  estuary  to  the  level  of  high  water 
of  ordinary  spring-tides,  and  thus  rendering  the  subse- 
quent reclamation  works  comparatively  easy  and  inex- 
pensive. In  such  cases,  however,  it  would  be  obviously 
quite  fallacious  to  value  the  cost  of  reclamation  at  the 
comparatively  small  outlay  required  to  protect  and  drain 
land  that  has  already  been  raised  by  navigation  works  to 
such  a  level  as  to  be  covered  only  by  high  spring-tides. 
But  in  all  such  questions  the  most  reliable  and  valuable 
information  is  that  which  is  derived  from  practice,  and 
I  have  obtained  from  several  reclamations,  most  of  which 
have  been  brought  under  my  own  notice  in  connection 
with  navigation  works,  results  which  may  be  briefly 
summarised  in  the  following  general  propositions  : — 

First,  That  in  order  to  insure  success,  the  space  to  be 
reclaimed  must  be  within  the  influence  of  water  contain- 
ing much  alluvial  matter,  and  not  on  the  shores  of  an 
open  sandy  estuary. 

Second,  That  the  spaces  to  be  reclaimed  should  be 
allowed  to  receive  the  deposit  left  by  the  tide  for  as  long 
a  period  as  possible,  and  the  water  should  not  be  entirely 
excluded  until  they  have,  by  gradual  accretion,  attained 
the  level,  if  possible,  of  high  water  of  ordinary  spring-tides. 
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Thh'd,  That  by  properly  conducted  survey  and  obser- 
vations, the  amount  and  fertilising  properties  of  the 
deposit  should  be  ascertained  in  order  to  determine — 
first,  over  how  many  years  the  process  of  reclamation  is 
likely  to  extend ;  and,  secmid,  what  may  be  the  produc- 
tive value  of  the  soil  deposited. 

The  cost  of  reclaiming  land  covered  to  a  considerable 
depth  by  the  tide  is  very  great.  The  estimate  for  enclos- 
ing 10  acres  of  land  for  an  extensive  and  important 
public  work  on  the  shore  of  an  estuary  where  the  rise  of 
tide  was  10  or  12  feet  was  £3000  per  acre;  and  on  the 
same  estuary,  but  in  a  situation  not  so  exposed,  the  cost 
of  enclosing  30  acres  for  dock  purposes  was  £2000  per 
acre.  It  is,  however,  to  the  reclamation  by  means  of  low 
banks  of  sheltered  marshes  on  a  high  level  that  my 
observations  must  refer;  and  so  much  depends  on  the 
situation  as  well  as  on  the  area  enclosed  by  a  given 
length  of  bank,  that  no  idea  of  the  cost  of  such  works  can 
be  given  that  can  prove  generally  appUcable  ;  for  instance, 
on  Lough  Foyle  it  has  cost  £20  per  acre,  and  on  the 
Forth  £54.  It  is,  indeed,  for  the  same  reason  that  I 
have  avoided  throughout  the  whole  of  this  treatise  giving 
the  cost  of  the  works  I  have  described,  as  a  certain 
expenditure  in  one  situation  might  effect  either  far  more 
or  far  less  work  if  laid  out  in  a  different  locality,  and  in 
no  department  of  engineering  does  this  hold  more  true 
than  in  river  and  marine  works.  For  further  details, 
therefore,  as  to  the  cost  of  enclosing  and  maintaining 
such  reclaimed  lands,  and  their  success  as  speculations,  I 
must  refer  the  reader  to  Reclamation  and  Protection  of 
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Agi'icultural  Land,  merely  stating  that  unless  the  surface 
of  the  marsh  is  on  a  high  level  it  is  not  expedient  to 
enter  on  works  for  its  reclamation. 
Works  for  pro-         Such  reclaimed  lands  as  those  I  have  described,  if  left 

tection  of  marsh  •         r>  ^•    ^  ^  ^ 

lands.  unprotected,  must  remain  for  ever  liable  to  be  covered 

during  high  floods  or  tides,  and  therefore  cannot  be  said 
to  be  available  as  arable  land  without  the  erection  of 
considerable  works  for  the  purpose  of  protecting  them 
from  floods  and  providing  for  their  eS'ectual  drainage. 
The  erection  of  all  such  works  should  be  well  considered. 
There  are  situations  in  which  the  construction  of  embank- 
ments for  protecting  land  may  be  injurious  to  the  in- 
terests of  navigation ;  there  are  others  in  which  such 
works,  if  judiciously  laid  out,  may  be  harmless ;  but  their 
effect  in  any  case  can  only  be  determined  by  a  careful 
consideration  of  the  special  cu'cumstances  of  the  locality 
in  which  they  are  erected.  I  know  many  cases  where 
the  interests  of  navigation  have  been  sacrificed  by  unwar- 
rantable encroachment ;  and,  on  the  other  hand,  instances 
are  not  wanting  where  even  important  works  have  been 
embarrassed  and  crippled  by  an  over-cautious  regard  to 
the  principle  oi  non -encroachment  on  the  high- water  line. 
With  reference  more  particularly  to  the  operations  of 
landowners,  it  is  notorious  that  in  many  cases  attempts  to 
reclaim  or  protect  property  have  led  to  serious  and  costly 
legal  proceedings  between  landowners  and  the  local  con- 
servators of  navigations ;  and  this  has  in  some  instances 
arisen  from  a  feeling,  on  the  part  of  the  landowners,  that 
their  operations  could  not  be  regai'ded  as  prejudicial. 
The  local  conservators,  on  the  other  hand,  have  generally 
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no  means  of  knowing  what  the  ultimate  intentions  of  the 
landowners  are  until  their  operations  have  proceeded  so 
far  as  to  render  it  impossible,  if  the  interests  of  na^cigation 
require  it,  to  stop  or  to  remove  the  works  without  con- 
siderable loss.  A  difference  of  opinion  has  thus  been  ' 
raised,  which  has  too  often  ended  in  an  expensive  lawsuit. 
I  have  long  held  the  opinion  that  it  would  in  many,  if  not 
in  all,  of  our  estuaries,  be  most  desirable  to  have  a  line  of 
conservation  marked  out  by  the  Legislature  for  the  regula- 
tion of  all  works  for  the  protection  of  land,  just  as  we 
now  have  lines  defining  the  boundaries  of  sea  and  river 
fishings.  Were  such  a  line  of  conservation  defined,  the 
landowners  could  then  with  confidence,  and  without  risk 
of  challenge,  enter  on  such  works  within  the  legalized 
boundary  as  they  considered  necessary  for  the  protec- 
tion of  their  property,  and  a  source  of  much  difference 
of  opinion  and  expensive  litigation  would  at  once  be 
removed. 

Even  after  enclosure  the  embankments  have  to  be 
attended 'to,  kept  in  repair  at  a  constantly  recurring 
expenditure,  and  often  additional  works  have  to  be  em- 
ployed for  further  protection  ;  and  I  have  still  shortly  to 
notice  some  of  the  protection  structures  that  have  been 
erected  in  defending  the  banks  of  rivers  and  shores  of 
estuaries. 

In  Holland,  as  is  well  known,  the  reclamation  and 
protection  of  land,  both  from  the  sea  and  from  rivers,  has 
been  carried  to  a  greater  extent  than  in  any  other 
coimtry,  and  much  useful  information  will  be  foimd  on 
that  subject,  and  indeed  on  reclamation  generally,  in  the 
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papers  by  Mr.  Paton,  Mr.  Oldham,  and  Mr.  J.  H.  Muller, 
in  the  Proceedings  of  the  Institution  of  Civil  Engineers.^ 

There  can  be  no  doubt  that  a  smooth  surface  tends 
to  preserve  the  banks  of  a  river.  The  water,  meeting  no 
obstruction,  glides  gently  past  without  disturbance.  But 
if  the  river's  banks  have,  from  neglect,  got  into  a  rugged, 
uneven  state,  I  have  found  that  a  very  sluggish  stream 
may  produce  an  abrading  action  in  excess  of  what  its 


Fig.  68. 

velocity  seemed  to  warrant.  The  rugged  outline  of  the 
bank  produces  on  a  small  scale  the  effect  described  at 
page  205  as  resulting  from  jetties.  The  projecting  points 
of  grass-covered  alluvial  soil  act  as  so  many  obstructions 
to  the  current,  and  in  such  a  case  the  abrading  action  of 
the  river  cannot  be  measured  by  the  general  velocity  of 
the  stream,  but  by  the  local  velocity  (if  I  may  use  the 
expression)  with  which  it  sweeps  round,  and  gradually 
undermines  the  rugged  parts  of  the  bank.     Although 

1  VoL  xxL 
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the  passage  of  a  float  down  the  centre  of  a  stream  indi- 
cated a  velocity  too  slow  to  abrade  a  river's  bank,  it 
would  be  erroneous  to  assume  that  therefore  there  are 
no  local  currents  round  the  salient  points  of  the  foreshore 
strong  enough  to  wear  them  away. 

Sometimes  stones  are  deposited  to  cover  gently  sloping 
banks,  and  where  they  are  steep  I  have  found  piling  and 
brushwood,  arranged  as  shown  in  fig.  68,  a  very  efiectual 
protection  for  rivei*s  having  winding  courses  and  soft 
beds. 

In  fig.  69,  the  method  designed  by  Messrs.  Steven- 
son for  repairing  the  breaches  on  the  banks  of  the  Tay  in 
1882,  on  Lord  Mansfield's  estate,  is  shown.  The  backing 
of  concrete  was  put  in  to  resist  the  force  of  the  river, 
which  strikes  the  bank  almost  at  right  angles.  The 
ground  was  excavated  by  the  bag  and  spoon  after  the 
piling  was  driven.  Ten  inches  of  gravel  puddle  (^  of 
gravel  and  f  of  clay)  was  put  on  the  upfilling,  and  above 
this  thick  turf  was  pinned  down  to  the  puddle  below. 
The  timber  was  all  of  10-inch  larch-trees ;  the  gauge-piles, 
cross-ties,  and  back-piles  of  whole  trees,  and  the  waling 
and  sheet-piles  of  half  trees. 

In  other  cases,  in  more  open  estuaries  exposed  to  the  Works  for  pro- 
tection of  land 
sea,  works  of  a  stronger  kind  are  required.     Figs.  70  and  in  open 

7 1  are  a  plan  and  section  of  a  protection  which  was  used 

on  a  line  of  shore  composed  of  shingle.    Jetties  projecting 

from  the  shore  had  at  first  been  used  to  collect  the  shingle, 

but  I  found  that  in  heavy  seas  the  waves  were  led  along 

the  jetties,  and  had  a  hurtful  efiect  at  their  roots  where 

they  joined  the  beach.     A  continuous  line  of  piling  and 
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planking  was  accordingly  adopted,  combined  with  occa- 
sional jetties,  as  shown  above,  and  this  has  proved  very 
successful.  In  proof  of  this,  it  has  been  found  that 
wherever  the  upright  piling  and  planking  has  been 
formed,  there  was  no  influx  of  anything  beyond  spray 
upon  the  adjoining  land,  but  that  at  all  other  parts  of  the 
coast  (which  is  about  6  miles  in  length),  where  the  face 
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Fig.  70. 


of  the  beach  is  sloping,  the  water  passed  freely  over  in 
considerable  depth,   carrying  drift  timber   far  into  the 
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fields,  and  in  some  places  heavy  shingle  to  the  depth  of 
2  feet.  The  problem  to  be  solved  was  to  oppose  an 
obstacle  which  should  throw  back  the  sea ;  and  the  up- 
right face,  from  which  the  heavy  portion  of  the  sea 
recoils,  is  found  to  do  this  better  than  the  sloping  face. 
In  order  to  encourage  the  collection  of  shingle,  a  second 
line  of  longitudinal  piling  was,  at  some  places,  formed  in 
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front,  and  parallel  to  the  main  line  of  defence ;  and  the 
works  described  have  been  found  a  very  effective  defence 
on  a  line  of  shingle  beach,  exposed  to  a  considerable  sea, 
on  the  shores  of  the  Bristol  Channel. 

In  designing  all  such  works,  however,  the  engineer 
must  be  guided  by  the  formation  and  exposure  of  the 
shores,  the  kind  of  materials  most  easily  available,  and, 
above  all,  the  value  of  the  property  endangered,  as  every 
engineer  must  know  by  experience  that  in  some  situa- 
tions protection  can  only  be  secured  at  a  cost  out  of  all 
proportion  to  the  benefit  which  it  would  confer. 


CHAPTER  XIV. 

CROSSING   OF  NAVIGATIONS  BY   BRIDGES. 

The  interests  of  bridge  companies  and  the  conser- 
vators of  navigations  are  often  antagonistic.  It  is  not 
unfrequently  an  object  of  great  importance  for  a  railway 
company  to  obtain  a  crossing  over  a  navigable  river,  and 
they  not  unnaturally,  in  their  zeal  to  promote  the  in- 
terests of  their  shareholders,  undervalue  the  importance 
of  navigation.  The  consequence  is,  that  many  of  the 
hardest  Parliamentary  battles  have  of  late  years  origi- 
nated in  the  conservators  of  navigable  rivers  resisting  the 
attempts  of  railway  companies  to  carry  out  schemes  with 
little  regard  to  the  obstruction  they  may  interpose  to 
sea-borne  traflBc,  or  the  ruin  they  may  entail  on  old- 
established  trade. 

The  question  as  to  the  propriety  of  permitting  a  rail- 
way to  cross  a  navigation  must  obviously  depend  on  the 
relative  importance  of  the  railway  and  river  traffic — the 
amount  of  interference  proposed — the  interests  of  those 
connected  with  the  two  trades,  and  many  other  points 
which  it  is  neither  my  province  nor  intention  to  discuss 
in  this  place.  But  so  much  has  the  question  of  bridging 
navigable  rivers  of  late  been  brought  under  notice,  that 
it  seems  desirable  to  lay  before  the  reader  a  statement  of 
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the  general  grounds  on  which  such  interferences  have 
been  opposed  on  behalf  of  the  interests  of  navigation,  as 
being  a  not  unsuitable  topic  in  connection  with  the 
subject  of  river  improvements  which  we  have  been  con- 
sidering. 

In  schemes  for  crossing  estuaries  by  bridges  of  large 
span,  the  following  three  points  may  have  to  be  con- 
sidered :  \st,  Is  the  headroom  sufficient  for  the  largest 
class  of  vessel  that  may  wish  to  pass  underneath  ?  2cZ,  Is 
there  sufficient  breadth  for  navigation,  taking  into  account 
the  direction  and  strength  of  the  currents  ?  and,  3c^,  Is 
the  navigable  span  or  spans  so  situated  that  they  may 
not  at  some  time  be  rendered  useless  by  the  navigable 
channel  so  altering  its  position  as  to  pass  quite  clear  of 
the  spans,  and  so  lead  to  the  traffic  being  stopped  ? 

It  is  not  my  intention  to  refer  further  to  schemes  for 
crossing  rivers  or  estuaries  by  high-level  bridges  of  great 
span,  but  to  the  more  general  interference  caused  by 
railways  crossing  on  a  low  level,  with  opening  spans  for 
the  passage  of  vessels. 

It  is  both  natural  and  necessary  that  the  conservators 
of  the  public  highways,  afforded  by  rivers,  should  look 
with  no  friendly  eye  upon  any  attempt  to  obstruct  or 
injure  their  usefulness.  The  public  owe  much  to  the 
firm,  and  in  many  cases  successful,  opposition  offered 
on  their  behalf  to  some  schemes  of  railway  companies 
designed  to  cross  a  navigable  river,  in  order  to  save  a 
few  miles'  detour  or  avoid  using  part  of  the  line  belonging 
to  another  company.  I  do  not  by  any  means  say  that 
all  railway  crossings  are,  or  have  been,  of  this  character. 
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There  are,  and  may  again  be,  cases  where  the  benefit 
derived  by  the  public  from  a  railway  bridge  across  a 
river  so  greatly  outweighs  any  benefit  that  can  possibly 
be  derived  from  preventing  its  erection,  that  the  naviga- 
tion may  freely  yield  to  the  railway.  But  this  is  not 
always  the  case ;  sometimes  the  two  interests  may  be 
fairly  balanced,  and  in  other  cases  the  proposal  to  bridge 
a  navigable  river  cannot  for  a  moment  be  entertained. 
No  one  at  present  would  propose  to  interpose  a  railway 
crossing  and  swing-bridge  between  London  and  Green- 
wich, or  between  Glasgow  and  Greenock. 

The  objections  to  such  crossings  have  generally  been  objections  to 

Railway  croM- 

argued  from  two  distinct  points  of  ^^ew, — the  one  founded  ings. 
on  nautical,  and  the  other  on  engineering  grounds. 

The  nautical  question  refers  to  the  mode  of  navigating 
our  tidal  rivers,  and  the  difficulty  of  taking  vessels 
through  the  narrow  opening  of  a  swing-bridge  in  a  rapid 
tide-way.  The  arguments  adduced  are,  that  our  rivers 
are  entirely  dependent  on  the  flow  of  the  tides,  and  are 
navigable  for  ships  only  when  the  tidal  water  is  in  the 
channel.  At  low  water  they  are  shallow  fresh-water 
streams,  sometimes  navigable  only  by  small  boats.  The 
time  for  the  passage  of  large  vessels  is  restricted  to  one 
or  two  hours  before  and  after  high  water,  and  it  is 
absolutely  necessary  for  vessels  to  take  advantage,  not 
only  of  high  water,  but  of  the  best  tides,  both  in  making 
and  leaving  the  ports  on  rivers.  Every  obstruction, 
therefore,  that  may  tend  to  hinder  the  progress  of  a 
vessel,  and  lead  to  her  losing  a  tide,  is  a  very  serious 
evil,  and  renders  it  desirable  that  no  obstacle  should  be 
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placed  in  her  course.     Unless  vessels  can  run  freely  in 
and  out,  they  will  not  continue  to  frequent  a  port. 

For  the  same  reasons  objections  have  been  raised  to 
the  control  which  such  a  crossing  places  in  the  hands  of 
the  company.  The  opening  of  the  bridge  must  be  so 
regulated  as  to  suit  the  passage  of  trains,  which  is,  or 
ought  to  be,  regular,  whereas  the  time  of  high  water 
varies  from  day  to  day.  These,  and  other  objections, 
have  been  often  advanced  to  show  the  incompatibility  of 
the  two  interests. 

The  engineering  objections  are  founded  mainly  on 
the  fact  that  piers  placed  in  the  water-way  of  a  river 
disturb  the  currents  and  cause  shoals,  as  will  be  best 
understood  by  referring  to  page  209,  where  the  effects  of 
such  disturbances  are  fully  discussed.  If  the  bed  of  the 
river  is  composed  of  rock  or  other  hard  material,  the 
objection  founded  on  shoaling  ceases ;  but  in  a  river 
having  a  bed  of  gravel,  or,  still  worse,  of  sand,  the  case 
is  very  different.  The  amount  of  scour  will  vary  with 
the  state  of  the  tides  and  the  amount  of  fresh  in  the 
•river,  and  shoals  must  necessarily  be  thrown  up,  varying 
in  position  and  amount  according  to  the  currents  which 
produced  them.  These  obstructions,  as  we  have  seen, 
may  be  caused  by  a  single  tide,  so  that  no  application 
of  dredging  can  remove  them  in  sufficient  time  to 
restore  the  navigable  depth  of  channel  for  passing  vessels. 
It  is  well  known  that  the  shoalest  water  becomes  the 
intling  depth  of  the  navigation,  and  a  shoal  which  reduces 
the  depth  by  one  foot,  only  at  one  point,  practically 
reduces  the  depth  for  navigation  by  that  amount.    So 
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that  if,  after  high  spring -tides  or  a  heavy  flood  in  the  . 
river,  a  shoal  is  caused  above  or  below  the  bridge,  it 
becomes  a  formidable  impediment,  all  the  more  so  that 
the  railway  company,  even  with  the  very  best  intention, 
can  do  nothing  to  remedy  the  evil,  which  may  spring 
up  in  a  single  night.  This  introduction  of  any  element 
of  uncertainty  as  to  depth  is  perhaps  the  greatest  evil 
that  can  be  inflicted  on  the  interests  of  a  port. 

An  artificial  covering  for  the  bed  and  banks  of  the 
river,  similar  to  what  has  been  described  in  Chapter  VIII. , 
may  perhaps  be  suggested  as  a  remedy.  But  such  a 
covering  would  require  to  extend  for  a  great  way  on 
either  side  of  the  bridge,  and  would  be  enormously  costly, 
whatever  the  material  employed.  It  would  prevent 
further  deepening  of  the  river,  and  no  vessel  could  drop 
anchor  on  it.  Above  all,  it  might  be  found  that  the 
sudden  chancre  from  a  hard  to  a  soft  bed  at  either  ex- 

o 

tremity  produced  disturbance  of  currents  and  shoals  as 
inconvenient  as  those  caused  by  the  piers  of  the  bridge 
which  it  was  designed  to  prevent. 

Swing-bridges  have  been  sanctioned  on  several  navi- 
gable rivers,  and  attempts  to  erect  them  on  others  have 
been  successfully  resisted.  The  railway  authorities  have 
invariably  admitted  that  if  such  crossings  are  allowed, 
they  should  be  arranged  so  as  to  be  as  little  injiuious  as 
possible ;  and  as  I  believe  the  hydraulic  swing-bridge 
designed  for  carrying  a  double  line  across  the  Ouse  near 
Goole  by  Mr.  T.  E.  Harrison  is  one  of  the  largest  as  well  oooic  swing- 
as  one  of  the  most  perfect  structures  of  the  kind  that 
has  been  made,  I  shall  give  a  short  description  of  its 
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leading  features,  referring  the  reader  for  details  to  the 
elaborate  description  and  drawings  communicated  to  the 
Institution  of  Mechanical  Engineers  by  Sir  William 
Armstrong. 

It  will  be  seen  from  Plate  XVIII.,  which  is  from  Sir 
W.  Armstrong's  paper,  that  the  bridge  has  seven  spans. 
The  main  pier,  which  is  about  40  feet  in  width  and  250 
feet  in  length,  is  placed  in  the  deepest  part  of  the  river. 
On  this  pier  the  movable  part  of  the  bridge  revolves, 
forming,  when  it  is  open,  a  passage  for  vessels  of  about 
100  feet  in  width  on  each  side  of  the  pier. 

The  following  are  some  of  the  general  descriptions 
and  dimensions,  from  the  paper  referred  to  : — 

"  The  total  length  of  the  bridge,  fixed  and  movable, 
is  830  feet.  The  depth  from  the  under  side  of  the  bridge 
to  the  bed  of  the  channel  in  the  deepest  part  is  about  61 
feet.  The  headway  beneath  the  bridge  is  14  feet  6  inches 
from  high-water  datum,  and  30  feet  6  inches  from  low- 
water.  The  swing  portion  of  the  bridge  consists  of  three 
main  wrought-iron  girders,  250  feet  long,  and  16  feet 
6  inches  deep  at  the  centre,  diminishing  to  4  feet  deep  at 
the  ends.  The  centre  girder  is  of  larger  sectional  area 
than  the  side  girders,  and,  instead  of  being  a  single  web, 
is  a  box  girder  2  feet  6  inches  in  width.  An  annular 
box  girder,  32  feet  mean  diameter,  is  situated  below  the 
centre  of  the  bridge,  and  forms  the  cap  of  the  centre 
pier.  This  girder  is  3  feet  2  inches  in  depth,  and  3  feet 
in  width,  and  rests  upon  the  top  of  six  cast-iron  columns, 
each  7  feet  diameter,  which  are  arranged  in  a  circle, 
and  form  the  centre  pier  of  the  bridge.     Each  of  these 
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columns  has  a  total  length  of  90  feet,  being  sunk  about 
29  feet  deep  in  the  bed  of  the  river.  A  centre  column, 
7  feet  diameter,  is  securely  braced  to  the  six  other 
columns  by  a  set  of  cast-iron  stays,  which  support  the 
floor  of  the  engine-room.  This  centre  column  contains 
the  accumulator,  and  forms  the  centre  pivot  for  the  rota- 
tion of  the  bridge. 

**  The  weight  of  the  swing-bridge  is  670  tons,  and 
rests  upon  a  circle  of  conical  rollers.  These  are  twenty- 
six  in  number,  each  3  feet  diameter,  with  14  inches 
width  of  tread,  and  made  of  cast-iron  hooped  with  steel. 
They  run  between  the  two  circular  roller-paths,  32  feet 
diameter,  and  15  inches  broad,  which  are  made  of  cast-iron, 
faced  with  steel ;  the  axles  of  the  rollers  are  horizontal, 
and  the  two  roller-paths  are  turned  to  the  same  bevel. 

"  The  turning  motion  is  communicated  to  the  bridge 
by  means  of  a  circular  cast-iron  rack,  12^  inches  wide  on 
the  face  and  6^  inches  pitch,  which  is  shrouded  to  the 
pitch  line,  and  is  bolted  to  the  outer  circumference  of  the 
upper  roller-path.  The  rack  gears  with  a  vertical  bevel 
wheel,  which  is  driven  by  a  pinion  connected  by  inter- 
mediate gearing  with  the  hydraulic  engine.  There  are 
two  of  these  engines,  duplicates  of  one  another,  and 
either  of  them  is  sufficient  for  turning  the  bridge,  the 
force  required  for  this  purpose  being  equal  to  about  ten 
tons  applied  at  the  radius  of  the  rollers'  path.  Each 
hydraulic  engine  is  a  three-cylinder  oscillating  engine, 
with  simple  rams  of  4 J  inches  diameter  and  18  inches 
stroke.  These  engines  work  at  forty  revolutions  per 
minute,  with  a  pressure  of  water  of  700  lbs.  per  square 
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inch,  and  are  estimated  at  forty  horse-power  each.  The 
steam-engines  for  supplying  the  water-pressure  are  also 
in  duplicate,  and  are  double-cylinder  engines,  driving 
three  throw-pumps  of  2|  inches  diameter  and  5  inches 
stroke,  which  deUver  into  the  accumulator.  The  steam 
cylinders  are  8  inches  diameter  and  1 0  inches  stroke,  each 
engine  being  twelve  horse-power.  The  accumulator  has  a 
ram  16j  inches  diameter,  with  a  stroke  of  17  feet.  It 
is  loaded  with  a  weight  of  67  tons." 

There  are  other  interesting  details,  showing  the 
ingenious  mechanism  designed  by  Mr.  Harrison  and  Sir 
W.  Armstrong,  for  adjusting  the  bridge  so  as  to  obtain  a 
perfectly  soHd  roadway,  and  for  other  arrangements  con- 
nected with  the  railway  traffic,  into  which  I  need  not 
enter.  Sir  William  closes  his  paper  by  stating  that  "  the 
time  required  for  opening  or  closing  the  bridge,  including 
the  locking  of  the  ends,  is  only  fifty  seconds,  the  average 
speed  of  motion  of  the  bridge-ends  being  4  feet  per 
second.  For  the  purpose  of  insuring  safety  in  the  work- 
ing of  the  railway  line  over  the  bridge,  a  system  of  self- 
acting  signals  is  arranged,  moved  by  the  fixing  gear  at 
the  two  ends  of  the  bridge." 

The  only  other  bridge  to  which  we  shall  refer,  as  it  is 
the  largest  type  in  existence  of  a  swing-bridge,  is  the 
Raritan  Swing-  Raritan  Swing  Railway  Bridge,  erected  by  the  Kingstone 
^"^^'-  Bridge  Company  in  1875.    Mr.  J.  H.  LinviUe  of  Pliil- 

adelphia,  who  was  the  engineer,  was  kind  enough  to  give 
us  facihties  for  examining  it.  The  bridge,  situated  in  a 
broad  estuary,  has  a  swing  portion,  472  feet  in  total  length, 
leaving  passages  on  each  side  of  the  centre  pier  of  216 
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feet  each  of  clear  waterway.  The  girders  are  deep,  as  in  . 
many  American  bridges,  being  41  feet,  and  appear  very 
light.  The  entire  double  span  is  lifted  4  inches  bodily 
off  its  supports  at  either  end,  by  means  of  hydraulic  rams, 
before  being  turned.  The  bridge  is  turned  easily  and 
quickly  on  steel  rollers,  and  on  a  central  steel  pivot  by 
means  of  a  steam-engine,  which  also  works  the  rams. 
The  roller-path  is  35  feet  in  diameter. 

If  the  crossing  of  a  navigation  can  be  done  by  tunnel- 
ling,  such  as  has  been  successfully  done  at  the  Mersey, 
and  at  the  Severn,  the  objections  to  which  allusion  has 
been  made  would  be  entirely  obviated.  But  the  schemes 
brought  before  Parliament  for  under-water  crossings  have 
often  been  coupled  by  a  proposal  to  execute  the  works  by 
<^n  cutting,  either  by  diverting  the  river  or  constructing 
cofferdams  in  its  bed.  The  difficulty  of  dealing  in  this 
manner  with  a  large  river,  without,  for  a  considerable 
period,  seriously  obstructing  its  navigation,  and  the 
obvious  disadvantages  of  such  a  crossing,  both  as  regards 
gradients  and  drainage,  have  often  prevented  such  schemes 
being  passed  by  the  Legislature. 
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Abbl,  Sir  F.,  256. 

Aberdeen   Harbour,   diversion   of   river 

Dee  at,  226. 
Airy,  W.,  362. 
Amazon,  bore  on,  197. 
distance   at  which  its  waters  are 

visible  at  sea,  155. 

physical  characteristics  of,  394. 

Amsterdam  Canal,  38. 

mode  of  dredging  on,  242. 

Anderson,  Dr.,  121, 

Anderton  Lift,  18. 

Annan    river,    physical    characteristics 

of,  394. 
Armstrong,  Sir  W.,  390,  392. 
ArtiScial  beds  under  bridges,  209. 
Avon,  silting  at,  367. 

Backwater,  importance  of,  319. 

different   aspects   under   which   it 

may  require  to  be  considered,  320. 

general  propositions  regarding,  327. 

level  of  abstraction  of,  326. 

see  Bars. 

Bag  and  spoon  dredging,  227. 

Bakker,  M.,  37. 

Bald,  W.,  250,  261. 

Ballyshannon,  hard  bar  at,  245. 

Baltimore  Harbour,  dredging  in,  239. 

Banks,  canal,  protection  of,  at  water- 
line,  24,  25,  27. 

wasting  of,  by  haulage  and  steam- 
towing,  23,  24. 

of  rivers,  effects  of  steam-towing 

on,  24. 

of  rivers  raised  by  training  stream, 

367. 

nigged,  cause  currents,  380. 

works  for  protection  of,  38 1 . 

Barge  canals,  1. 

Barless  estuaries,  313. 

Bars,  304. 

Danube,  341. 

definition  of,  305. 

changes  in  channels  through,  329. 

conditions  \inder   which  sand-bars 

are  formed,  312. 

depth  of  water  over  various,  306. 

due  to  scour,  316. 


Bars,  depth,  average,  uniformity  of,  329. 
■  estuarial  sand-bars  not  improveable 

unless  at  great  cost,  328. 

hard,  344. 

origin  of,  308 ;    Castelli  on,  310 ; 

EUet  on,  337. 

piers  for  protection  of,  334, 

shallowest  after  heavy  seas,  314. 

theories  to  account  for  the  forma- 
tion of,  307. 
Barton,  J.,  246,  247. 
Basins,  tide,  299. 
Bateman,  J.  F.,  17,  45,  290. 
Bazin,  M.,  126. 

Beardmore,  N.,  169,  394,  395. 
Beaufort,  Sir  F.,  216. 
Beds  of   rivers,   beneficial   results  from 

reduction  of  the  inclination  of,  258. 
Beechey,  Admiral,  195,  196,  199,  260, 

395,  396. 
Belcher,  Sir  E.,  280. 
Belfast  quays,  301. 
Blanken,  M.,  36. 
Blasting  previous  to  dredging,  247. 

at  Ballyshannon,  247. 

at  Brest  Harbour,  251. 

at  Clyde,  250. 

at  Flood  Rock,  256. 

at  Hell  Gate,  255. 

at  River  Ribble,  252. 

at  Severn,  247. 

Boccardo,  364. 

Bore  in  rivers,  cause  of,  192. 

on  tlie  Amazon,  197. 

on  the  Dee,  192. 

on  the  Severn,  1 95. 

Borings,  108. 

Bossut,  M.,  361. 

Bouniceau,  M.,  366. 

Boyle,  147. 

Boyne  River,  physical  characteristics  of, 

394. 
Brest  Harbour,  251. 
Bridges,  piers   of,   obstruct  tidal  flow, 

209. 

artificial  beds  under,  209. 

railway,  crossing  navigations,  385'. 

Bridgewater  canals,  9. 
Brindley,  J.,  9. 
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Bristol  Channel,  works  for  protecting 

land  at,  381. 
Brooks,  W.  A.,  308,  396. 
Buchanan,  G.,  322. 
Buchanan,  Mr.,  154. 
Bucket-dredging  between  two  lighters, 

228. 

Caebdyke  Canal,  6. 

Caledonian  Canal,  33. 

Calver,  Captain,  137,  394. 

"Camel"  for  floating  vessels  over  shoals, 
37. 

Canal — American,  2  ;  Amsterdam,  38  ; 
Belgian,  2,  28,  29  ;  Bridgewater, 
9  ;  Caerdyke,  6 ;  Caledonian,  33 ; 
Corinth,  64;  Crinan,  32;  Elbe, 
28  ;  Forth  and  Clyde,  32 ;  Foss- 
dyke,6;  Great  Western,  18  ;  Glou- 
cester, 25  ;  Languedoc,  6,  32  ; 
Monkland,  17  ;  Morris,  17  ;  Nica- 
ragnan,  60  ;  North  Holland,  36  ; 
Panama,  58;  Paumben,  61;  St. 
Petersburg,  64  ;  Suez,  44. 

Canals,  protection  of  banks,  at  water-line, 
22,  24,  25. 

wasting  of,  by  haulage  and 

steam-towing,  22,  24. 

barge,  1. 

Chinese,  5. 

■  cross-section  of,  14. 

drainage  of  tow-path,  21. 

freightage,  2,  32. 

haulage  on,  22-28. 

inclined  planes  and  perpendicular 

lifts,  16. 

^^—  locks,  invention  of,  4. 

sizes  of,  on  barge  canals,  16. 

off-lets,  for  emptying,  21. 

pitching  of  banks,  21,  22,  24,  25. 

puddling  of,  22. 

^—  reaches  and  locks  of,  15. 

sectional  area  of  barge,  14. 

ship,  31. 

stop-gates,  20. 

towing-chain,  28. 

steam,  24,  25,  27. 


tow-path,    drainage   and   pitching 

of,  21. 
traffic  on,  best  mode  of  conducting, 

22. 
— —  waste-weirs  of,  1 9. 

water,  supply  of,  12. 

Carlingford  Loch,  dredging  in,  246. 

Carpenter,  Dr.,  137,  153. 

Castelli's  theory  of  bars,  310. 

Cay,  W.  D.,  226. 

"Challenger"  expedition,  under-current 

olwervations,  141. 


Channels  of  some  rivers  liable  to  con- 
stant variation,  212. 
permanent,  object  of  river- works 

to  secure,  262. 

subsidiary,  closing  of,  222. 

through    sand -banks    over    bars, 

changes  in,  329. 

training-walls  for  guiding,  212. 

Chanoine,  M.,  176. 

Chapman,  W.,  291. 

Chesney,  General,  46. 

Chezy,  M.,  125. 

Clarke,  Colonel,  45. 

Clarke,  E.,  18. 

Clegram,  W.  B.,  25,  26. 

Clyde,  River  bed,  weight  of  materials 

composing,  363. 
dredgers,  dimensions  of,  on  river, 

232  ;    on  estuary,  234. 
dredging,  amount  and  cost  of,  in 

river,  231  ;  in  estuary,  236. 
estuary,  works  of  improvement  in, 

288. 

excavation  in,  by  diving-beU,  250. 

flooding  has  been   diminished  by 

works,  200. 
improvements    executed    on,    and 

their  effects,  282. 
jetties,  recommended  by  Golbume 

for,  283. 
low-water  line,   lowering  of,  284, 

285. 

physical  characteristics  of,  394. 

quays,  sections  of,  302. 

tidal  wave  in  estuary  of,  97. 

velocity  of  tidal  current,  261. 

training  walls  first  proposed  by  Mr. 

Walker,  215. 
walls  largely  used  in  lower  part  of 

river,  283, 

weir,  removal  of,  286. 

Cochin,  bar  at,  313. 

Cockbum,  Lord,  67. 

Cofferdams,  252. 

Condamine,  Mr.,  197. 

Conon,  river  and  tidal  water  in,  317. 

physical  characteristics  of,  394. 

Coquet  river,  physical  characteristics  of, 

394. 
Corinth  Canal,  64. 
CortheU,  E.  L.,  18,  161. 
CraighiU,  Colonel,  239,  244. 
Crib  work,  179. 
Crinan  Canal,  32. 
Cromarty  Firth,  comparison  of  river  and 

tidal  water  in,  317. 

under-currents,  1,34,  144. 

Cubitt.SirW.,  16, 18, 168,  169, 171,247. 
Cunningham,  Major,  122. 
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Currentii.  Sm  Discharge,  Under-currents, 

V^elocities. 
method  of  observing  direction  of, 

131,  134,  142. 
Carrent-meters,  116  ;  constant  for,  120. 
Cuts,  straight,  prevent  flooding,  181. 

Da  V'lNX'i,  L.,  5. 
Dams  and  weirs,  169. 

and  flooding,  171. 

Danube  river,  bar  at,  306  ;  and  works 

for  its  improvement,  341. 

physical  characteristics  of,  394. 

works  executed  for  improvement  of 

upper  part  of,  177. 
D'Arcy,  M.,  126. 
Dardanelles,  146. 
Datum  line,  100. 
De  Beaumont,  Elie,  309. 
Deas,  James,  231,  287. 
Dee    (Aberdeenshire),    diversion    of,   at 

Aberdeen,  226. 
method  of  obtaining  specimens  of 

water  at,  148. 

physical  characteristics  of,  394. 

salt  and  fresh  water  in,  148. 

under-currents  of,  148. 

Dee  (Cheshire),  bar,  depth  over,  306. 

bore  on,  192. 

jetties  on,  produce  shoals  and  deep 

pools,  205. 

physical  characteristics  of,  394. 

reclamation  of  land   on,  injurious 

efi'ects  of,  346. 
tidal  lines  of,  variations  in,  89,  95, 

191. 
training  walls,  results  of  too  high, 

222. 

velocities  of  surface  currents,  260. 

weir  on,  203. 

Deepening  of  rivers.     See  Low-water. 
De  la  Beche,  Sir  H.,  360,  366. 
Deltas,  formation  of,  366. 
Denham,  CapUin,  257,  261,  364,  395. 
Density  of  salt  water,  147-157. 
Deposits,   depth    of,   annually    left    on 

shores  of  estuaries,  366. 

in  rivers,  weight  of,  363. 

De  MaiUet,  364. 
DeProny,  M.,'121. 
Dirks,  M.,  38. 
Discharge  of  rivers,  112-131. 

flood,  128-131. 

formuhe  for  calculating — Abbot's, 

127;     Chezy's,    125;     Cunning- 
ham's,   122  ;    De   Prony's,    121  ; 

Dubnat's,    121;      Ellet's,     162; 

Humphrey's,  127  ;  Kutter's,  126  ; 

Manning's,  127;  Stevenson's,  126. 


Oischarge,  average,  131. 

method  of  determining,  113. 

excluding  floods,  131. 

requires    control    iu    large    rivers, 

159. 
Diving-bell,  excavation  by,  250. 
Docks,  wet,  299. 
Dornoch  Firth,  cause  of  bar  at,  309. 

tidal  phenomena  of,  69. 

velocity  of  tidal  current,  261. 

}>ropagation,  277. 

comparison     of     river    and    tidal 

water  in,  319. 

densities  of  water  of,  317. 

Douglas,  Mr.,  17. 

Drainage  of  tow-paths  of  canals,  21. 

Dredgers,  bag  and  spoon,  227. 

bucket,     between      two     lighters, 

228. 
"aam  Shell,"  244. 

"  Clyde,"  dimensions  of,  234. 

dimensions  of,  232-237. 

hand,  231. 

hopper,  240. 

Priestman,  243. 

silt  pump,  241,  242. 

steam,  229. 

improvements  in,  240, 

Dredging,  its  introduction,  227. 

cross,  245. 

longitudinal,  245. 

hard  materials  require  to  be  blasted 

before,  247. 

in  exposed  situations,  246. 

on  Amsterdam  and  Suez  Canals  by 

floating  off  dredgiugs,  242. 

at  Baltimore  Harbour,  240. 

on   river  Clyde,   amount  and  cost 

of,  231  ;  on  estuary,  236. 

on  the  Foyle,  237. 

on  the  Tees,  239. 

on  Wear,  238. 

Dubuat,  120,  121,  258,  361. 
Dundalk,  dredging  at,  246. 
Duer,  S.,  19. 

Eads,  J.  B.,  18,  341. 

Edwards,  G.,  247. 

Ellet,  C,  125,  159,  162,  163,  164,  337, 

363,  366,  395. 
Elme  river,  example  of  a  river  deficient 

in  tidal  capacity,  296. 

blasting  in,  247. 

sluices  on,  175. 

Estuaries,  comitarison  of  river  and  tidal 

waters  in,  260,  317. 
Evans,  Admiral,  153. 
Everest,  Rev.  Mr.,  394. 
Excavation,  247. 
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Excavation,  by  cofferdams,  252. 
by  diving-bell,  250. 

Fascine  wobk,  178. 

Floats  for  ascertaining  surface  currents, 

114,  115,  121,  132. 

under-currents,  13.3. 

Floods  have  a  higher  ratio  to  ordinary 

discharge    in    small    than    large 

rivers,  130. 
discharge  of  rivers  should  exclude, 

131. 
water  passing  off  different  grounds 

during,  130. 

gauging  rivers  exclusive  of,  131. 

in  Mississippi,  origin  of,  and  works 

for  prevention  of,  163. 
river  improvements  tend   to  dimi- 
nish flooding,  181,  200. 

obstruction  to,  caused  by  weirs,  171. 

Flotation,  stones  raised  by,  251. 
Forth,  barless  river,  313. 

"  leckie  "  tide  in  the,  98. 

physical  characteristics  of,  150,  394. 

section   of,    showing    present   and 

former  low-water  lines,  273. 

tidal  lines  of,  variations  in,  96. 

phenomena  before  and   after 

works,  272-277. 
works  executed  for  improvement  of, 

and  their  effect,  272. 
Forth  and  Clyde  Canal,  32. 
Fossdyke  Canal,  6. 
Fowler,  John,  200,  218,  239,  291,  292, 

396. 
Foyle  Bridge,  scour  produced  by  piers  of, 

210. 
river,    physical  characteristics   of, 

394. 
works   executed  for    improvement 

of,  292. 

dredging  in,  237. 

quays  at,  301,  302. 

Fresh  water  flowing  over  salt,  133,  145, 

148,  337. 

occurrence  of,  in  the  sea,  155. 

speciHc  gravity  of   fresh   and  salt 

water,  147,  156,  316. 
Frets  in  rivers,  214. 
Frisi,  P.,  4,  5,  224,  360. 
Fulton,  Mr.,  4,  13. 

Oachk,  M.,  242. 

Ganges  Canal,  hydraulic  experiments  on, 

122. 
Ganges    river,    physical    characteristics 

of,  394. 
Garonne,  160. 
Gauge,  tide,  87,  101. 


Gauging    streams.       See    Discharge    of 

rivers. 
Gibb,  J.,  394. 

Gibraltar,  Straits  of,  137,  146. 
Glasgow  quays,  303. 
Gobert,  M.,  2. 
Golburue,  J.,  283. 
Goole  swing-bridge,  389. 
Gordon,  L.  D.  B.,  368. 
Great  Western  Canal,  perjiendicular  lift 

on,  18. 
Green,  J.,  18. 

Grimshaw,  Mr.,  Sunderland,  229. 
Groynes  or  jetties  in    navigable   rivers 

objectionable,  205. 

at  entrance  to  rivers,  345. 

for  protecting  berthage  of  vessels, 

300. 
Gu^rard,  M.,  309. 
Gulf  Stream,  145. 

Hallet'.s  Point,  blasting  of,  255. 
Hand  dredgers,  and  dredging  by,  231. 
Harcourt,  L.  F.  V.,  176. 
Hartsaeker,  364. 
Hard  bottom,  blasting  of,  247-256. 

cofferdam  suitable  for,  252. 

Harlacher,  Professor,  122. 

Harrison,  T.  E.,  389. 

Harrowing,  scour  facilitated  by,  267. 

Hartlepool  Slake,  backwater,  320. 

Hartley,  Sir  Charies,  29,  342,  344,  364, 

394,  396. 
Hawkshaw,  Sir  John,  38,  211,  289. 

J.  C,  38. 

Hell  Gate,  blasting  at,  255. 

Hersent,  H.,  251. 

High  water,  ordinary  spring-tide,  mode 

of  ascertaining,  100. 
High    water  not  necessarily  raised   by 

facilitating  tidal  projtagation,  200. 
Hills,  Captain,  330,  332. 
Holland,  canals  in,  36. 
Hooke,  D.,  133. 
Homer,  L.,  363,  395. 
Howden,  A.,  129. 
Hughes,  S.,  9. 

Humphreys  and  Abbot's  formula,  127. 
Hutcheson  Bridge,  285. 
Hutton,  N.  H.,  239,  244.  ' 
Hydraulic  mean  depth,  125. 
Hydrometric  observations,  SO. 
Hydrophores,   different   forms    of,    and 

manner  of  using,  ISO- 
Inclined    PLANKS    and     perpendicular 

lifts,  16. 
Inverness  Bridge,  artificial  bed  for,  210. 
harbour,  gro3-nes  at,  300. 
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Irrawaddy,  materials  held  in  8U8i)en8ion 

by,  363,  365. 
physical  characteristics  of,  394. 

Jackson,  G.  B.  W.,  37. 

Jackson,  Mr.,  177. 

Jardine,  J.,  75. 

Jeffreys,  J.  G.,  137,  15.3. 

Jetties  in  rivers  objectionable,  205,  208. 

Johnston,  A.  K.,  394,  395. 


KiNlPPLB,  Mr.,  290. 
Kinnel  river,  182. 
Kutter,  W.  R.,  126. 

Land  benefited  by  river  improvements, 

.358. 
works  for  protection  of,  in    rivers 

and  estuaries,  378-384. 

reclamation  of,  34(5. 

process  of  making,  358,  372. 

general  rules  for,  376. 

cost  of  works,  377. 

line  of  conservation  proposed 

for,  379. 

marsh,  level  of  vegetation  on,  368. 

treatment  of,  374. 

when  fit  for  enclosure,  372. 

section  of  manner  of  fornia- 


of,  .369. 

warping,  371. 

Languedoc  Canal,  6,  32. 

Lary  Bridge,  209. 

Lauder,  Sir  T.  Dick,  129. 

Law,  H.,  362. 

"Leckie"  tide,  98. 

Leach,  Mr.,  175. 

Leonardo  da  Vinci,  5. 

LcpSre,  M.,  44. 

Jjb  Ferme,  M.,  242. 

Leslie,  Sir  John,  37,  362. 

James,  17,  131,  318. 

Lesseps,  F.  de,  44,  46. 

Levelling  by  tide-gauges,  109. 

Linville,  J.  H.,  392. 

Loch  Eil,  157. 

Loch  Fleet,  hard  bar  at,  345. 

Locks,  canal,  4,  15. 

and  dams  on  upper  parts  of  navi- 
gations, 168. 

Login,  T.,  .361,  363,  394. 

Loire,  physical  characteristics  of,  394. 

Londonderry  bridge,  artificial  bed  under, 
210. 

quays,  300,  302. 

Longitudinal  dredging,  245. 

Low-water  line,  lowering  of,  349. 

Lune  river  channels,  variations  in,  212, 
281. 


Lune,  low-water  line,  depression  of,  282. ' 

land  reclaimed  at  the,  352. 

physical    characteristics    of,    394, 

395. 

tidal  lines,  variations  in,  92,  96. 

tidal  water,  increase  of,  by  work«, 

281-353. 

; training  walls,  212,  353. 

i works  executed  for  improving,  281. 

Lyell,  Sir  C,  364. 
I  Lyster,  G.  F.,  324,  325. 

Makchestbr  Ship  Canal,  325,  355. 
Manfredi,  364. 
'  Manning.  Robert,  127. 
i  Marcet,  Dr.,  150,  153,  157. 
I  Marsh  lands.     See  Land. 
j  Materials,  heaviest,  next  the  sea  in  tidal 

estuaries,  359. 

lightest,  do.,  in  rivers,  360. 

held    in    suspension    by  different 

j  rivers,  363,  365. 

I size  of,  capable  of  being  carried  by 

rivers,  361,  362, 
velocities    of    streams    capable   of 

carrying  different,  361,  362. 

weight  of,  in  bed  of  Clyde,  363. 

Mean  sea-level,  75. 

velocities  of  rivers.     See  Discharge. 

Meik,  T.,  315,  396. 

Mersey,  river  bar,  depth  of  water  on,  306. 

changes    of    sand-banks   and 

depth  of  water  on,  330. 

frets  in,  214. 

materials    held    in    suspension  by, 

364,  365. 
Manchester   Ship   Canal,    and    its 

effect  on,  325. 

physical  characteristics  of,  395. 

velocity  of  tidal  currents  in,  260, 

261. 

Wallasey  Pool  backwater,  323. 

Messent,  P.  J.,  261. 

Meter,  current,  116. 

Mill,  H.  R.,  157. 

Mississippi  River,  bar,  Ellet's  theory  of 

formation  of,  337. 

delta  of,  164. 

depth  on  bars  of,  306. 

discharge  of,  127,  160,  161. 

drainage,  area  of,  158. 

material  brought  down  by,  365. 

origin  of  floods  in,  and  works  pro- 
posed for  preventing,  163. 

physical  characteristics  of ,  158,  395 

velocities  of,  161,261. 

Mitchell,  H.,  109,  122,  360. 
Monkland  Canal,  inclined  plane  on,  17. 
Montrose  Basin,  backwater  at,  322. 
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Morayshire  floods,  129. 
Morris  Canal,  17. 
MuUer,  J.,  380. 

Murray,  J.,  civil  engineer,  238,261. 
Murray, John  ("Challenger"  Expedition), 
141. 

Nares,  Sir  G.  S.,  140,  141,  146. 
Navigations,  means  used  for  rendering 

navigable  upper  part  of  river,  167. 

crossing  of,  by  bridges,  385. 

still-water,  168. 

tunnelling  under,  393. 

Ness  river,  want  of  tidal  capacity,  296. 

physical  characteristics  of,  395. 

Newry,  247. 

Newton,  General,  256. 

Niagara  Falls,  crib  work  used  at,  180. 

Nicaraguan  Canal,  60. 

Nile  river,  physical  characteristics  of,  395. 

Niramo,  Joseph,  2. 

Nith  river,   physical  characteristics   of, 

395. 
works  for  improvement  of,  282. 

Ocean  currents,  144,  145. 

O'Connel,  Lieutenant-Colonel,  129. 

Off-lets  for  canals,  21. 

Ohio  River.     Sec  Mississippi. 

Oldham,  J.,    367,  380. 

Otter,  Captain,  261. 

Ouse  Swing-bridge,  389. 

Panama  Canal,  58. 

Park,  P.,  221,  279,  368,  395. 

Paton,  Mr.,  380. 

Paumben  Canal,  61. 

Pentland  Firth,  occurrence  of  fresh  water 

in,  156. 
——  velocity  of  tidal  currents  in,  261. 
Perpendicular  lifts  on  canals,  16. 
Peterman,  A.,  396. 
Piers  at  entrances  to  rivers  to  protect 

bars,  334. 

sections  of,  300-303. 

Pinkerton,  Mr.,  197. 
Pitching  of  canal  banks,  21-25. 
Price,  H.,  291,  292. 
Priestman  Dredger,  243. 
Puddle  for  canals,  22. 

Quays,  sectiona  of  river,  301,  302,  303. 

Railway    brtdoe.s    crossino    navioa- 

TI0N8,  386. 
Randolph,  C,  241. 
Ran  kino.  Professor,  14. 
Raritan  Swing- bridge,  392. 
Reclamation  and  protection  of  land,  346. 


Rendel,  J.  M.,  169,  209,  323. 

Renuie,  Sir  J.,  3. 

Rennie,  G.,  23,  247,  261,  396. 

Rhine  river,  materials  held  in  suspen- 
sion by,  365. 

physical  characteristics  of,  395. 

works  executed  for  improving  upper 

portion  of,  177. 

Rhodes,  Thomas,  175. 

Rhone  river,  physical  characteristics  of, 
395. 

Ribblc  river,  cofferdam  used  in,  252. 

land  reclamation  due  to  training- 
walls,  350. 

low-water  line,  depression  of,  280. 

physical  characteristics  of,  395. 

tidal  scour,   land  which  might  be 

reclaimed  without  decreasing,  357. 

walls  used  on,  215. 

works   executed  for   improvement 

of,  and  their  effects,  279,  357. 

Richards,  Admiral,  45. 

River-proper  compartment  defined,  and 
its  physical  characteristics  de- 
scribed, 66. 

works  for  improvement  of,  159,  167. 

Rivers,  different  compartments  of,  de- 
fined, 66. 

cross  sections,  etc.,  of,  108,  113. 

elevations  along  a  tidal  river,  mode 

of  determining,  109. 

discharge  of,  1 )  2. 

floods  in,  128. 

physical  characteristics  of,  67,  394. 

summer  water-level  of,  127. 

Robertson,  G.,  63,  313. 

Robison,  Professor,  81. 

Rodriguez,  Manuel,  155. 

RusseU,  John  .Scott,  23,  24,  187,  188, 
189.  192. 

St.  Lawrence,  steam-towing  on,  29. 

St.  Petersburg  Canal,  64. 

Sabine,  Sir  E.,  155. 

Salt  water.     See  Density. 

Salusbury,  T.,  310. 

Sand-banks,  ascertaining  heights  of,  107. 

changes  in.     Ste  Bars. 

movement  of,  329,  333. 

Schuylkill,  dams  on,  170. 

Scour,  formula'  for  calculating  eflFective, 

326. 
increased  by  river  works,  258,  259, 

282. 

kec}N9  open  sand-bars,  316. 

Scouring  in  rivers,  256. 

l)cneHcial,  a  result  of  river  works, 

262. 
eflSciency  of  backwater  for,  326. 
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Scouring,  harrow  used  for  facilitating,  257. 
often   results  from  limited  works, 

258. 
Sea-proper  comiiartmentof  rivers,  66, 304. 
Sections,  cross  and  longitudinal,  108,  113. 
Sectional  area,  of  barge  canals,  14. 

of  rivers,  124. 

enlargement  of,  beneficial,  212. 

Seine  river,  physical  characteristics  of, 

395. 
Severn  river,  bore  on,  195. 

blasting  at,  248. 

physical  characteristics  of,  395, 396. 

silting  at,  367. 

velocity  of  current  in,  260. 

weirs  on,  171. 

Shannon,  oblique  weirs  on,  175. 

Shepherd,  G.,  177. 

Shingle,  groynes  for  leading,  300,  381. 

Ship  canals,  31. 

Ship  railway,  18. 

Silt  pump  dredges,  241,  242. 

Silt   in   suspension,  in  different  rivers, 

363-365. 
Simons,  Messrs.,  234,  240,  247. 
Slope  in  rivers,  definition  of,  124. 

reducing  the  inclination  of,  258. 

.     See  Forth,  Tay. 

394-396. 

Smeaton,  J.,  7. 

Smiles,  S.,  9. 

Smith,  J.,  Belfast,  301. 

Soundings,  datum  for,  100. 

means  of  obtaining,  100. 

formuliB  for  reducing,  102,  103. 

high  and  low  water,  106. 

rules  for  taking,  104. 

tide  gauges  tued  in  reducing,  101. 

Spoon  dredger,  227. 

Spratt,  Captain,  137. 

Spring-tide,  definition  of,  100. 

Stanches,  168. 

Stennton,  Sir  G.,  364. 

Steam  dredging.     Sf.c  Dredging. 

towing  on  canals,  25. 

towing  on  rivers,  24,  29. 

Stevenson,  Alan,  97  et  ttq. 

Messrs.,  8  tt  eeq. 

Robert,  96  et  seq. 

Thomas,  241  et  seq. 

Still-water  navigations,  168. 

Stones  raised  by  flotation,  251. 

Stoney,  F.,  175. 

Stop-gates  on  canals,  20. 

Stour,  stanches  on,  168. 

Straight  cut  substituted  for   bends   in 

rivers,  181. 
Striedinger,  Julius,  256. 
Suez  Canal,  44. 


Suez  Canal,  dredging  on,  242. 

freights  on,  32. 

tides  in,  55. 

traffic,  57. 

Surell,  M.  309. 
Swing  bridges,  389. 

Tachomktkr,  116. 

Tatham,  Mr.,  4. 

Tay,  river  bar,  depth  of  water,  306. 

changes    on   sand-banks    of, 

329,  333. 

bridge,  scour  jtrodnced  by,  211. 

boulders  raised  by  flotation,  251. 

currents,  effect  of  grounded  vessel 

in  distorting,  207. 

velocity  of,  261. 

discharge,  mean,  264. 

land  reclamation  at,  371. 

land-works  for  protection  of,  381. 

land    which    might    be    reclaimed 

without  decreasing  scour,  356. 
phenomena  before  and  after  works, 

268. 
physical    characteristics    of,     1 50, 

264,  396. 

scour  produced  by  works,  224. 

subsidiary  channels  closed  in,  223. 

tidal  and  river  water,  comparison 

of,  260,  318. 
works    for   improvement   of,   and 

their  beneficial  effects,  260,  263. 
Tees,  river  bar,  depth  on,  306. 

dredging  in,  239. 

flooding   has   been   diminished  by 

works,  200. 

jetties  and  their  effects,  292. 

straight  cut  substituted  for  bends, 

225. 
training  walls  executed  and  their 

beneficial  effect,  218,  292. 

physical  characteristics  of,  396. 

Tehuantepec  Ship  Railway,  18. 

Telford,  T.,  4  et  seq. 

Thames  river,    physical   characteristics 

of,  150.  396. 

velocity  of  tidal  current  in,  261. 

Thomson,  Sir  Wyville,  153. 

Tidal  compartment  of  rivers  defined,  67. 

works   for  its  improvement, 

202. 

bore,  cause  of,  192. 

currents,  190,  260. 

flow,  importance  and  modification 

of,  184,  185,  202. 

lines,  non-parallelism  of,  85. 

^—  agents  which  produce  disturb- 
ance in  the  parallelism  of,  89. 
examples  of  variationa  in,  89. 
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Tidal  phenomena  of  Dornoch  Firth,  69. 

of  Forth  and  Tay  before  and 

after  works,  270,  276. 

propagation,  184,  186,  278. 

affected  by  slope,    188,   189, 

276. 

river  works  intended  to  faci- 
litate, 197. 

high   water   not   necessarily 

raised  by  facilitating,  200. 

observations,  80. 

scour.     See  Scouring. 

water  or  backwater,  value  of,  319. 

wave,  normal,  97. 

abnormal  or  "  leckie,"  98. 

laws  of  its  propagation,  187. 

obstacles   which    oi)erate   in 

retarding,  191. 

Tide  basins,  299. 

currents  equalised  by  river  works, 

262. 

gauges,  87,  101. 

Tides,  anomalies  of  river,  81. 

duration  of,  increased  by  lowering 

low-water  line,  259. 

ordinary  spring,  100. 

observation  of,  80. 

in  Suez  Canal,  55. 

selections  of  stations  for  observa- 
tions on,  88. 

Towing  on  canals.     Sec  Canals. 

steam,  on  rivers,  29. 

Tow-paths  of  canals,  21. 

Training  walls,  for  guiding  rivers,  212. 

accretion  behind,  350. 

cross  sections  of,  218,  219,  221. 

Tunnelling  under  navigations,  393. 

Tweed  river,  physical  characteristics  of, 
396. 

Tyno  river,  depth  of  water  over  bar, 
306.  j 

piers  for  protection  of  bar,  334.        | 

physical  characteristics  of,  396.         , 

velocity  of  tidal  current  in,  261. 

Under-currents,  133. 

method  of  ascertaining,  by  meter,  i 

133,  134 ;  by  floats,  134  ;  by  logs,  \ 
123.  ' 

cause  of,  144,  146,  149. 

Uro,  Mr.,  24,  303,  394. 

Vallancev,  Mr.,  4. 

Vegetation,  level  of,  first  indications  on 

reclaimed  land,  368. 
Velocities  of  currents.     See  Discharge. 
mode  of  determining,  114-146. 


Velocities  of  streams  capable  of  carrying 

different  materials,  361. 
of   tide  surface-currents  in  rivers, 

260. 
surface,  table  of,  in  different  rivers, 

261. 
Vetch,  Captain,  36. 
Vignoles,  C,  7. 
Volga  river,   physical  characteristics  of, 

396  ;  deepening  of,  257. 

Walkek;  J.,  23,  215,  283,  302,  318,  320. 

Wallasey  Pool  backwater  question,  323. 

Walls,  training,  for  guiding  rivers,  212. 

sections  of,  218,  219,  221. 

Warping  or  land-making,  371. 
Washington,  Cai)tain,  216,  394. 

Waste- weirs  of  canals,  19. 

Water  supply  for  canals,  12. 

Water,  density  of  fresh  and  salt,  147. 

fresh  and  salt,  specific  gravity  of, 

156,  316. 

method  of  obtaining  specimens  of, 

from  different  depths,  147-154. 

occurrence  of  fresh   water  in  the 

sea,  154. 

river  and  tidal,  in  estuaries,  com- 
parison of,  260,  317,  356. 

under  and  superficial  strata  of,  149. 

Watt,  James,  33. 

Waves  cause  sand-bars,  308,  328. 

Wear,  river  bar,  experiments  to  deter- 
mine whence  materials  which  form 
the  bar  are  derived,  315. 

depth  of  water  over,  306. 

dredging,  quantity  and  cost  of,  238. 

physical  characteristics  of,  396. 

piers  to  protect  entrance  to,  334. 

velocity  of  tidal  current  in,  261. 

Weaver,  navigation,  18,  175. 

Weirs  for  upper  navigations,  169. 

for  public  works,  203. 

horse  shoe,  174. 

length  of,  174. 

movable,  175. 

needle,  176. 

oblique,  173. 

obstruction  presented  by,  171,  203. 

shutter,  176. 

transverse,  172. 

Wells,  L.,  175. 

Wet  docks,  299. 

Wharton,  Captain  W.  J,  S.,  140. 

W  he  well.  Dr.,  199. 

Wiggins,  J.,  375. 

Williams,  E.,  18. 

Woltmann's  curront-meter,  116. 
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